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ABSTRACT
Many studies have shown the importance of the coarse aggregate
component in the determination of the resistance to freezing and
thawing as a durability factor in the performance of pavement concrete.
Field and laboratory studies have been used in Indiana to identify
certain limestone coarse aggregates as outstandingly good or poor
with respect to the resistance to frost action of the concrete made
with them. Data from standard tests of aggregates are only partially
successful in the prediction of the field performance of pavements.
Information is inadequate concerning the mechanisms by which these
materials exert such great influence.
Since the presence of water is fundamental to frost damage,
the details of the acquisition and retention of water by these
materials and of its movement therein become important. The pore
structure has been shown to be one of the most important properties
of coarse aggregates when they are used in portland-cement concrete.
The nature of this structure is not completely evaluated by tests
now being performed on these materials. More information is needed
concerning this property.
This study was designed to investigate the usefullness of simple
fluid-flow measurements and of the data derived therefrom with respect
to the elucidation of the pore structure of limestone coarse aggre-
gates and to a possible correlation with the durability histories
of pavements made with limestone aggregates.
Five limestones with well-established durability histories
were chosen. The quarries were sampled, omall prisms were cut
from the larger samples and were finished by hand grinding. Their
dimensions were measured. The specific surfaces were determined on
pulverized samples by the use of water-vapor sorption with a gravi-
metric technique and the Brunauer, Emmett, Teller theory. Values
of the absorption for both the immersed and the vacuum-saturated
conditions were determined by conventional methods on the pris
Porosities and true and bulk densities were determined using a gas-
compression volumenometer and a McLeod gage porosimeter. Permea-
bilities were determined at various mean pressures with a pressure-
decay permeameter and an equation derived for this apparatus.
The Klinkenberg slip factors and the pressure-independent permea-
bilities were determined from the plots of the permeability data.
Tortuosities of the rocks were measured by the electrical-analog
resistivity method. Absorptivities were determined with a srr.ple
gravimetric technique.
The specific surfaces and average pore radii were calculated
from these data on the basis of a tortuous capillary-tube model.
These calculations were made using the Kozeny equation for the per-
meabilities, a modified Klinkenberg equation for the slip factors,
and a derived equation for the absorptivities.
The absorptivity method was found to be superior to tne per-
meability or slip methods as an interpreter of specific surface.
An empirical relation was shown by means of which a fairly-good
value of the permeability could be derived from the easily-measured
absorptivity value.
be
The tortuosities, slip factors, and average pore radii had no
relation to the durability histories of the materials. The poor-
quality materials had higher porosities, permeabilities, specific
surfaces, and absorptivities than did the good-quality ir^terials.
The differences were especially noticible in the case of tne absorp-
tivity values. The materials could also be separated according to
their durability histories on a basis of tne rate of capillary
saturation whicn was calculated from the absorptivities and the
porosities and on a basis of the ratio of absorptivity to permea-
bility; the poor-quality materials in every case had higher
rates of saturation and higher absorptivity to permeability ratios.
The usefullness of the methods and principles involved and the
desirability of their further application to evaluating the quality
of coarse aggregates for use in portland-cement concrete are in-
dicated.
INTRODUCTION
Statement of the Problem
During 1943-4 a comprehensive performance survey wa3 made of Ind-
iana^ rigid pavements. The results were reported by Woods, Sweet,
and Shelburne (95) and constituted the starting point for subsequent
work on Indiana's coarse aggregate materials. Deterioration of con-
crete pavements, especially the frequency of blowups and map cracking,
was studied in its relation to influential factors. The significant
results of the study, as stated in the synopsis, were:
(1) An outstanding correlation existed between certain coarse
aggregates used in the concrete mix and the blowup per-
formance of the pavements.
(2) No correlation existed between the cement, fine aggre-
gate, traffic, or subgrade soils used and blowup per-
formance.
(3) Extensive laboratory research is indicated as necessary
to determine the basic reason for the variation in per-
formance. .. .and to develop new and better methods of
w> 6S wS • • • •
These data [i.e., results] were considered impor-
tant, since it was observed generally that map cracking,
3erious disintegration, and a relatively short pavement
life accompanied the blowup failures,
A research program was therefore started at the Joint Highway
Research Project. This program is a part of the general research
studies on the durability of concrete. Significant results have come
from these studies. Non-durable materials have been identified.
Tests for performance prediction have been set up and improved. Accu-
rate information on the properties of some of the components of con-
crete has been obtained. Hypotheses concerning the influences of
various agents on concrete have been derived and, in some cases, veri-
fied. Considerable insight into the nature of concrete durability ha3
been obtained, but the picture is far from complete. In the studies at
the Joint Highway Research Project principle emphasis has been placed
on the influence exerted over the durability of concrete by the coarse
aggregate component. This component seems to be determinative in Indi-
ana experience. The study reported here is part of that continuing
program and was designed to give information on what are considered to
be important properties of aggregates.
Statement of Purpose
The pore structure of coarse aggregates has been shown to have an
important influence on the durability of concrete. This structure is
of particular importance in freezing-and-thawing durability and prob-
ably exerts considerable influence on blowup frequency, cement-aggregate
reaction, and bond of aggregate with the paste. Past investigations of
porosity have been limited to determinations of the total porosity and
of the degree of microporosity of the aggregate. Additional informa-
tion is needed on the pore structures of these materials.
The purpose of this study was to investigate the pore structure
of certain Indiana limestone coarse aggregate materials by means of
fluid-flow experiments and to relate the data obtained to properties
of the material, to field performance, and to hypotheses concerning the
movement and freezing of water in concrete.
Literature Review
In this review the problem of the durability of concrete is out-
lined. Special attention is placed on the influence of the coane
aggregate under freezing and thawing conditions. Hypotheses of frost
action are summarized and the importance of the pore structure is empha-
sized. Work which has been done to elucidate the pore structure of
aggregates and concrete is outlined.
The problem of the durability of concrete is complex. Concrete is
a heterogeneous material and this, in itself, introduces complications.
There are several choices of aggregate materials and gradations.
Cements differ in chemical and physical properties. The possibility
of a number of additives exists. Mix designs differ a3 do methods of
handling, placement, and curing. Environmental conditions for the
finished concrete are widely variable. All these factors can influence
durability, by which is meant permanence when overloading, in the struc-
tural sense, is not primarily involved.
The general problem of the durability of concrete has been reviewed
recently by Scholer (75) and by Jones (36). These reviewers stressed
the complex nature of the problem and cited the large number of possible
influences and interactions. They give the impression that in hardly
any of its aspects can the question of concrete durability be considered
satisfactorily solved.
Two methods of approach are possible. One is to study the proper-
ties of the mixture and the other is to study the properties of the
individual components. From such individual properties deductions are
then made concerning the behavior and properties of the combined mate-
rial. Thia is a valid approach if it is realized that the interactions
may modify the behavior of the components once they are combined.
The properties of cement paste have been investigated with great
thoroughness. Illustrative of this work is the series of papers by
Powers and Brownyard (60). Experience in Indiana is, however, that the
component exerting the greatest influence on pavement durability is the
coarse aggregate. Most of what follows will, therefore, be confined to
the influence of the coar3e aggregate while realizing that it can be
considered separately only to a degree.
Lack of durability due to coarse aggregate can take a variety of
forms. First in importance, for the purposes here, is failure due to
instability in freezing and thawing. The aggregate nay be responsible
for frequent blowups of the pavement concrete. The thermal properties
of coefficient of expansion and diffusivity of the aggregate may be so
incompatible with those of the paste that failure is caused by heating
and cooling. The aggregate may contain material which undergoes chem-
ical reactions with the paste. This can, in turn, result in excessive
expansion of the concrete. The best-known of such reactions is the
alkali-aggregate reaction in which certain silicious materials in the
aggregate react with alkalis from the cement. There may be, however,
other harmful reactions. The aggregate may contain substances, such as
certain clays, that swell and contract to a large extent on wetting and
drying and thereby contribute to expansion of the concrete mass. The
differential swelling and contracting between the aggregate itself and
the paste as the degree of saturation changes can also cause stress.
All these influences can cause distress of the concrete.
The properties of aggregate materials and their influence on con-
crete are discussed in the above-mentioned reviews by Scholer (75) and
by Jones (36). The reviews by Blanks (11) and by Rhoades and Uielenz
(66, 67) deal specifically with aggregates. Sweet (82) gave a review
of the influence of aggregates on pavement durability. He also reviewed
methods of testing aggregates and the meaning of the results of such
tests (80). Aggregates were discussed, with specific reference to the
influence and measurement of porosity, by Lewis, Dolch, and floods (45).
Powers (59) recently reviewed the properties of paste and aggregates,
alone and in combination, from the point of view of the relationship
between physical structure and the movement of water on freezing and
thawing.
The early conclusions of Woods, Sweet, and Shelburne (95) were
expanded as a result of a subsequent paper by Sweet and Woods (83)
which showed the importance of the subgrade soil and its moisture-
retention properties. Lack of durability was most prevalent and deter-
ioration most rapid on poorly-drained soils. Chert was identified as
a particularly deleterious constituent of Indiana aggregates (79).
Then in 1948 Sweet (81) reported a comprehensive study of Indiana aggre-
gates with well- or partly-established performance records. His tests
included unconfined freezing and thawing, freezing and thawing of con-
crete, microscopic determination of micropores, and sodium-sulfate
soundness, as well as the more ordinary determinations such as absorp-
tion and specific gravity. He found the same aggregates which had been
6identified by Woods, Sweet, and Shelburne as causing severe blowup
distress and cracking to be non-durable in freezing and thawing. Uncon-
fined freezing and thawing and sodium-sulfate soundness results did not
confirm field experience of durability. Absorption and degree of satu-
ration of the aggregates were fairly good indexes of freezing and thaw-
ing performance but a range was found which was intermediate between
the clearly good and the clearly poor materials. One of the most
interesting findings was that all the harmful materials had voids ratios
greater than 0.1 for voids smaller in diameter than five microns (micro-
pores) while the good materials had corresponding ratios of less than
0.06. Fears (28) confirmed this finding in his investigation of the
microscopic method of determining microporosity.
Chemical tests of most of the state's stones and some of its
gravels were reported by Slate (77) and showed no consistent relation-
ship between chemical composition and field performance. More of the
poor—performing stones were dolomites than limestones and this trend
was attributed to porosity characteristics. These materials were also
tested for alkali reactivity and only one material, a chert, was found
to have borderline reactivity. Blackburn (9) has since reported posi-
tive results for the "quick chemical test" for alkali reactivity of
several Indiana gravels but the stones seem to be immune.
Sweet (81) mentioned the possibility of thermal incompatibility
being a factor in the deterioration he observed. A limited a.-aount of
work on the thermal properties of the state's stones was done by Lu
(49), who measured the expansion coefficient, and by Fox and Dolch (30)
who determined the thermal diffusivity. The latter study showed the
poor performing stones to have slightly higher diffusivities than the
good. Both kinds had values considerably higher than that of cement
paste. The presence of small amounts of water changed the measured
diffusivities considerably. Lu's tests showed a reversal of the expected
trend. One of the best materials in the state had a lower coefficient
of thermal expansion than did one of the poorest, and this latter almost
matched the accepted coefficient for paste. These tests seem to show
that thermal incompatibility, if present as a harmful influence, is
only of minor importance for Indiana materials.
Work has been done by Bugg (16) and by Blackburn (8) on the per-
formance, in freezing and thawing tests, of concrete containing these
same Indiana aggregates and various amounts of entrained air. Their
results showed that just enough air to protect the paste did not bene-
fit a bad aggregate but that benefit was obtained as the air content
was increased to higher values. The benefit was considerably greater
for stones than for gravels. This difference is thought to be due to
the localized nature, e.g., chert pebbles, of the harmful elements in
gravels. Recent work on gravels by Lewis and Venters (46) shewed the
deleterious constituents to be highly absorptive particles of low
specific gravity. Much of the foregoing work has been summarized by
Lewis and Woods (47).
Some of the work at the Joint Highway Research Project has paral-
leled and complimented work of a similar nature in other organizations.
Problems of aggregate durability in freezing and thawing are wide-
spread. (In a paper by Walker and Bloem (85) is a good list of refer-
8ences on the general subject.) The Indiana studies have been reviewed
in detail because the materials were the same as those used in this
work.
The results of the studies point to field performance, with
respect to a widespread type of distress (characterized by D-line
cracking, followed by slab failure), being reasonably reproducible in
laboratory freezing and thawing tests. Assuming favorable conditions
with respect to the paste component, the deterioration of the concrete
seems traceable to the aggregate component and, in Indiana at least,
to the coarse aggregate component.
The research work on the freezing and thawing durability of con-
crete has had two aspects. By far the greater amount of work has been
done on test methods in an effort to reproduce field performance and
to predict such performance for new materials. Several variations of
test methods have been devised. A trend toward automation and acceler-
ation of testing has taken place. The other aspect of the work has
been the attempts toward an understanding of the phenomena involved,
i.e., toward the postulation of a mechanism and toward its verification.
A full understanding of the problem waits on such results, however per-
fect the diagnostic tests may become.
The work on test methods has also given useful fundamental informa-
tion. An example is the work of Sweet (81) which showed the importance
of absorption, saturation, and microporosity.
Much fundamental information on these matters has come from
workers in the fields of brick, building stone, ceramics, soils, and
cement paste.
9An early paper on bricks was written by Jones (37) in 1907
in
which he discussed the freezing of water in a porous system and pointed
out the importance of the permeability of the material. His discussion
was a forerunner of the modern hydraulic pressure theory.
In the early 1920* s Washburn and his co-workers presented a series
of papers (87, 89, 90, 91, 92) on the pore structure, absorption, cap-
illarity, and saturation of ceramics that included an analysis of
methods for measuring these properties.
Work on building stone has been of particular importance. With
the modification of inclusion of the cement paste component, the
freezing problems for building stone are analagous to those of aggre-
gate materials and much of the results has bearing on the aggregate
problem.
Howe (34) in 1910 noted the importance of the type of porosity
and the degree of saturation. Seipp (76) stated the critical
degree
of saturation to be about 0.91 for freedom from frost action but
Kreuger (41) found lower critical degrees of saturation—of the order
of 0.85—and postulated inhomogeneous water distribution.
Comprehensive reports on building stones are those by Schaffer
(71) and by Thomas (84). Schaffer was concerned with all
aspects of
building stone durability. His report seems to be the first to
announce
a pore diameter of five microns as critical, with respect to
freezing
durability. This value was obtained from microscopic measurements.
It was substantiated for aggregates by Sweet (81) and by
Fears (28)
who used the microscopic method and by Blanks (11) who used capillary
pressure measurements.
Thomas (84) dealt specifically with the mechanism of freezing in
building stones. He showed the importance of the degree of saturation,
freezing temperature, freezing rate, and specimen size. He also pre-
sented a few curves on rate of saturation by simple immersion.
Madgwick measured porosity and permeability (to air) of building
stones (50, 51). He derived theoretical relationships for capillary
movement of water and for its transmission in terms of the experimental
variables and various constants (52). These constants were evaluated
in a fourth paper (53) for stones, brick, and plaster but were not
related to the structure of the materials.
The work by Powers and his associates on the nature of cement
paste has a two-fold bearing on the question at hand—both from the
point of view of a freezing mechanism and of the fact that pastes are
a constituent of concrete. What happens to the concrete and to the
aggregate is influenced by what happens to the paste. Powers and
Brownyard (60) reported investigations of the physical nature of cement
paste and its water component. Briefly stated, the paste was found to
consist of small spheres of hydrated cement gel about 100 Angstrom
units in diameter and separated by gel pores with a hydraulic radius
of about 10 Angstrom units. At a water-cement ratio of around 0.4 the
paste is made up entirely of such a gel structure. At larger water-
cement ratios another kind of pore space is present. These are called
capillary pores. They are usually considerably larger than the gel
pores. Powers (.58) presented evidence leading to the conclusion that
"throughout the practical range of water-cement ratios the capillary
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pores are discrete pockets..." and that at higher ratios they grad-
ually become an interconnected network.
Four mechanisms have been postulated to be operative when the
water in the capillary pores freezes. (The water in the gel pores does
not freeze at any temperatures normally found in the field.; The most
obvious point is that if the saturation is greater than about 0.9 and
no escape from the body is possible, then the increase in volume of
the water on freezing must cause dilation and stress which will rupture
the body unless its strength is sufficient to withstand the action.
This might be termed the hydrostatic or degree-of-saturation mechanism.
Powers (57) originated a second postulate which has become known as
the hydraulic pressure hypothesis. In this mechanism escape is possi-
ble for the water and the growing ice volume forces it through the
porous medium. Such escape can be to an outside surface or to voids
in the interior of the body which are not saturated, but this movement
must take place through a comparatively impermeable porous solid and,
therefore, hydraulic pressure will be generated which, depending on the
magnitude of such variables as freezing rate, length of flow path,
permeability, and strength, may rupture the body. A principle function
of entrained air is to limit the distance such water mu3t traverse and
so keep the pressures within safe limits. The third mechanism was pre-
sented by Powers and Helnath (62) and involves the surface diffusion
of the (unfrozen) gel water to ice in the capillary pores along a free
energy gradient created by the temperature decline below C. This
process causes swelling pressure in the capillaries and consequent
dilation of the specimen. The action is comparatively slow and depends
upon the temperature being maintained for an appreciable time. En-
trained air also helps minimize this difficulty by enabling gel water
to diffuse to air voids rather than to capillary pores . The fourth
mechanism involves osmotic pressure between the gel water *nd the
water, in a capillary, whose salt concentration has been increased by
partial freezing of the solvent water. Powers (59) discussed these
matters in a recent review.
He also used the results on paste and those of others on aggre-
gates and building 3tone to postulate mechanisms for the action under
freezing of the aggregate component and of the concrete as a whole.
The argument goes as follows. In concrete the aggregate piece is
sealed in a paste of low permeability whose pore system is generally
smaller than that of the aggregate. When freezing begin3, if the paste
contains air bubbles of the proper number and spacing it should be
iinnune to distress from the hydrostatic, hydraulic, and to a certain
extent, the capillary accretion sources of stress . The osmotic
pressure source is thought to be of comparatively minor importance.
So entrained air should protect the paste under all ordinary conditions.
Water in the aggregate pieces should start freezing sooner and at
a higher temperature than that in paste capillaries because the aggre-
gate water is in larger pores and has a lower salt concentration.
(Also, the aggregate piece ought to change temperature more rapidly
than the paste because of its higher thermal diffusivity.) If the
piece of rock has an overall saturation higher than about 0.9 some
water must be expelled into the paste. The paste is comparatively
impermeable and this process will result in dilation. But saturations
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less than 0.9 do not necessarily render immunity. If, due to innorao-
geneous distribution of the water, any part of the aggregate is unable
to accommodate the volume increase on freezing, the water must travel
to less-saturated places in the rock or to the surrounding paste. In
either case excessive pressures can develop.
The pore system of the aggregate ia generally larger than that of
the paste so, for conditions of partial saturation, the water will
migrate to the paste by virtue of the higher capillary pressure and
lower vapor pressure in the more finely-porous system. For the aggre-
gate to reach a high degree of saturation by capillarity the paste must
first have its capillary system virtually saturated. „ater preceding
by capillarity in concrete will prefer to stay in the paste, so to
speak, rather than enter an aggregate particle.
This, of course, assumes simplifying ideal conditions. In a
practical concrete there are pores other than the aggregate pores and
the various void spaces of a perfect paste. Bleeding channels,
imperfect-consolidation spaces, shrinkage cracks, and settlement spaces
under aggregate particles exist. Jones (36) states "This [_ideal
system] will hardly be true in some actual mortars and concretes
because of imperfect packing of aggregate particles combined with lack
of sufficient cement to fill all interstices, because of porosity
arising by imperfect adhesion between aggregate and paste surfaces,
and because of porosity of the aggregate itself."
Some of these spaces might provide entrance channels for cap-
illary or percolating water.
uThe above points to the importance of the presence or absence of
water in the aggregate in situations where the aggregate is one of the
harmful components of the concrete. The acquisition of water by cap-
illarity and its movements within the piece are involved in the proper-
ties of absorptivity and permeability. Jones (36) 3tated with respect
to aggregates "It is necessary to study chiefly porosity, absorption
and permeability; surface texture; and shape," and "Only if full data
are available can a proper assessment be made of relative importance
of various factors as regards durability." Blanks (11) and Rhoades
and Mielenz (66) gave first importance to the pore structure of the
aggregate and its relat ionship to water.
Little work has been done on the pore structure of aggregates or
on the movement of water through this structure. Host correlations
with durability have been made with the absorption, total porosity,
specific gravity, or various absorption ratios. Much of this work was
reviewed by Lewis and Dolch (44). The measurements on microporosity
by Sweet (81), Blanks (11), Fears (28) and Schaffer (71) have given
further insight into the structures of these materials. In their paper
on the permeability of pastes (61) Powers et al. gave some data on the
permeability of various rocks as a comparison to show the average pore
size of the rocks to be larger than that of the paste. Wray and
Lichtfeld (96) measured the rate of saturation of gravels and found
that the stream-wet condition was difficult to reproduce by simple
immersion. Vacuum saturation was considerably more effective than
immersion and the material that saturated most readily was the poorest
in freezing and thawing. Blaine, Hunt, and Tomes (10) measured the
15
specific surfaces of various materials by sorption techniques and
found comparatively high specific surfaces for materials poor in freez-
ing and thawing and for limestone aggregates with bad service records
in concrete.
There has been a large amount of work on the permeability of con-
crete. Slate's bibliography (78) gives a list of references up to 1947.
The subject is of practical importance where concrete i3 used as a
barrier to liquid. Most of the studies have been made to determine the
transmission properties of the material under various heads, and have
not been concerned with pore structure. One of the most comprehensive
of these studies was that of Ruettgers, Vidal, and Wing (70). Their
paper and the more recent one by Cook (21) show the apparatus and con-
ditions for the test with water.
Approach Used in This Work
Aggregates with both good and poor field performance were chosen.
The quarries were sampled. Small rectangular prisms were shaped from
the rock and their dimensions were measured. True density, porosity,
and bulk density were determined. Permeability to air was measured in
a pressure-decay apparatus at various pressures and the slip correc-
tion was determined. The absorptivity coefficient was measured by
capillary absorption on a free-water surface. Tortuosity was deter-
mined by the electrical analog method. Specific surface was determined
by the sorption method using water vapor. These data were then used





The materials studied in this work were five limestones or dole—
mitic limestones which are being, or have been, used as concrete coarse
aggregates in Indiana rigid pavement construction. These .-materials
have well-established field-perfomance records. They have been studied
repeatedly.
The geologic origin, appearance, and field performance of the
materials are listed in Table 1. The chemical compositions and calcu-
lated mineralogical compositions, both for major constituents only,
are listed in Table 2.
The quarries from which these samples were obtained were described
by Sweet (82). Care was taken to secure material from the appropriate
ledge in those cases in which different materials are present in the
same quarry. The samples taken were reasonably homogeneous, i.e.,
inclusions, seams, fractures, and weathered surfaces were avoided. No
effort was made to assure representative sampling on a statistical
basis. The samples were merely selected at random and with an eye
towards similarity to the general mass. For an exploratory study such
as the one reported here, this sampling procedure was considered ade-
quate.
A corollary of this sampling technique is the assumption that the
material obtained is reasonably representative of that used in the
pavements for which the field performance ratings were obtained. Ex-
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Chemical and kineralogical Composition of Test Materials (23)*
Source 1-1S 3-1S-H 9-13 47-2S 67-23
CaO 30.08 32.1 29.9 .3 54.64
WgO 20,24 18.07 19.4 3.73 0.34
co
2
44.61 46.10 44.53 38.9 41.53
.-
1.95 0.56 3.00 3.95 1.12
A12 3
2.72 2.90 1.3 4.14 1.80
Calcite 3 12 5 77 97
Dolomite 93 83 89 17 2
"- All values are percentages of oven-dry sample.
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had been made into pavements, those pavements would have durability
histories similar to those of the pavements that were actually made
with material from the corresponding sources.
One exception to the above may exist. This is the material labeled
3-1S-H. The samples from this source, although thought to be taken
from the proper ledge, exhibited absorptions and saturations that are
lower than those of samples taken some year3 ago. This material there-
fore may not be truly representative of that used in the pavements.
In fact, all tests imply that if pavements had been made from thi3
sample they would not have particularly bad durability ratings. This
source was not included in the first plans and was tested when an addi-
tional source was thought desirable. Only small pieces were available;
hence only small pri3ms (about 3 CP« long) could be made. This material
seems on appearance the least homogeneous of the rocks tested and the
samples may be les3 representative than those from the other sources.
Sample Preparation
lto3t of the runs were made on small rectangular prisms of rock.
It was necessary to have regular geometrical shapes and prisms seemed
the simplest to prepare.
Slabs about one inch in thickness were cut from the large pieces
using a "Clipper" masonry saw" with a diamond blade. From these
slabs rough blanks for the prisms were then cut. The final finishing
was done by hand grinding on a glass plate using (generally) 100 mesh
* Clipper Manufacturing Co., Kansas City, Mo.
alundum or corundum powder. The grinding was done wet so that powder
would not be carried into the pores by capillary water. Rectangularity
of the cross section was checked with a small square. The finished
prisms were scrubbed under the faucet with a test-tube brush. They
were then rinsed, dried over-night in a 105 C oven and stored over
anhydrous magnesium perchlorate in a dessicator. Considerable atten-
tion was paid to the selection of homogeneous material, free from defects,
for the final prisms.
The individual prisms were given a designation that showed the
source and the weight to the next lowest decigram and so permitted
identification without marking in any way, e.g., 47-2S-P-116. The
47-2S is the source designation. P means shaped prism (some of the
early work was done with small chips). 116 means a weight of 11.6 g.
All weights throughout this work were measured on an analytical chain-
oraatic balance and were read to the nearest 0.0001 g. All units are
c.g.s. unless stated to be otherwise.
The dimensions of each prism were measured with a Brown and Sharpe
precision caliper. Measurements were made to the nearest 0.002 c:.
.
In those instances where the prisms were several centimeters long a
width measurement was made about every centimeter along the length and
the average was taken as the dimension in question.
The assumption is made that prisms, from the same source, cut
from adjacent material, and selected to appear homogeneous are alike
in their physical properties. This assumption is necessitated by the
use of properties that were measured on one particular prism for cal-
culations involving another and is obviously not strictly true but
.1
is probably true enough for the purposes involved here. A variety of
duplicated measurements have led to no serious discrepancies in tnis
respect. The prisms are further assumed to be representative of the
samples taken and therefore, on the basis previously discussed, of trie
source.
One series of experiments, the sorption runs, was done on granu-
lar material. The rock was processed by crushing some of the rough
prisms and sieving the material to obtain the fraction passing the
No. 10 (Tyler) and retained on the No. 30 (U.S. Standard). The sieving
was done dry and the material was then washed with distilled water on
the No. 30 sieve, dried in an oven, and resieved.
Apparatus and Procedure
Absorption
Absorption is defined as the amount of water (or other liquid)
contained in a porous substance under specified conditions and i3
expressed here as a fraction of the oven-dry weight of the sample.
Many workers have investigated this property, trying various liquids
and methods for saturating the 3ample. Usually the attempt has been to
obtain higher, preferably complete, saturation. Typical of these
experiments is the work of Washburn and Footitt (92). Types of immer-
sion have been simple immersion, evacuation and immersion, boiling in
the fluid, and evacuation, immersion, and application of pressure.
Various ratios of the absorption under different conditions have been
advocated as characteristic of the material (66). Frequently, the
assumption is made that liquids completely saturate a porous material
but repeated demonst rat ions are to the contrary.
In this work the absorptions were measured after 2k hr. imersion
and after evacuation for 1 hr. followed by 23 hr. iraneraior..
The apparatus used for the vacuum absorption runs was a one-
liter filtration flask. The prisms were placed therein, a stopper
carrying a separatory funnel was placed in the neck, and the funnel
was filled with water. An aspirator was attached to the 3ide arm and
the flask and its contents were evacuated. Sweet (82) has shown that
there is no point in using a vacuum pump for this operation and that
an aspirator is sufficient. After one hour of evacuation, the water
in the funnel was admitted to cover the samples, atmospheric pressure
was restored to the system, and the samples were allowed to remain
immersed for 23 hr. At the end of this time they were renoved, blotted
surface-dry on a damp cloth, and weighed rapidly. The balance was pre-
set to approximately the correct weight and was magnetically damped.
The weighings, therefore, took only about 20 sec. and evaporation was
minimized. For the 24 hr. immersion runs the samples were 3Lmply
immersed in distilled water for the requisite time and then treated
similarly. This technique for surface drying gave reproducible results
for successive trials, with these polished surfaces it was possible to
see free moisture as a reflecting glisten. The surface dry point was
a uniform dullness.
Densities








where pT true density
W mass of solids
s
V volume of solids.
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inhere pv, = bulk density
V„ = bulk volume, i.e., volume of solids and voids.
Methods for determining the density of solids are given in stand-
ard texts on experimental methods (65, 93). The methods used on porous
solids in general and concrete aggregates in particular were reviewed
by Lewis, Dolch, and Woods (45).
The true density of a porous solid is determined by displacement
methods using either a liquid or a gas. If a liquid is used t.ne solid
should be powdered so that as complete a penetration of the pores as
possible is obtained (4). Since it was desired to hs.ve a non-destructive
test, a gas-displacement method was chosen for this study. The appara-
tus was essentially that proposed by Yiashburn and Bunting (90). In
any such test the question of which gas to use arises. Frequently
helium is chosen because it is so little adsorbed and errors due to
this factor are thereby avoided. These rocks, however, have compara-
tively low specific surfaces and sorption should not be a problem in
the density measurements. Air was therefore chosen as the gas because
of obvious simplicity.
The apparatus is shown in Fig. 1. All glassware used in apparatus
in this work was Pyrex. All stopcocks and ground joints were hand-
finished with No. 220 alundura powder.
The use of the apparatus depends on compressing the systen by a
certain known volume. This volume was that of the bulb in the center
of the figure. Scratch marlo for calibration were made on the tube3
leading to the bulb. The volume between tnese marks was determl-
affixing a stopcock onto the bottom end and drawing mercury into this
assembly to the upper scratch raark. The mercury wa3 then run into a
tared weighing bottle until the bottom mark was reached. The wev
of this mercury then permitted calculation of the corresponding volume.
In operation the mercury level was raised exactly to the bottom
mark with the leveling bulb and a screw adjustment (not shown). At
titis time the stopcock at the left was closed, thus closing the system
above the mercury In the left leg. The mercury level was then raised
exactly to the upper scratch raark by means of the leveling bulb. This
process compressed the air in the system by the known volume. The
corresponding pressure was read on the meter-stick-manometer assembly.
The barometer was read and room temperature was determined. The baro-
metric reading and the manometer reading were both fully corrected.
These data then permitted calculation of the volume of the systen,
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where V volume of sample chamber to upper scratch mark
of compression bulb
P = atmospheric pressure
AV a volume of compresnion bulb
AP ° pressure change on compression.
Constant temperature during the run was assumed. Since the runs
took only a few minutes this assumption seemed justified. If the
measurement is done on the empty chamber and repeated with a sample in
the chamber the difference in volume gives the volume of the solids
of the sample. From thi3 value and the sample weight the true density
was calculated. The assumption is that the gas in the pores attains
the equilibrium pressure rapidly. This was checked by the fact that
no pressure change with time was observed after the compression.
When the densities of known substances (mercury and calcite) were
measured there were persistent small errors in the final values which
were attributed to gas law deviations and unknown sources. To correct
for these errors a run was made on a known volume of mercury and the
empty volume of the sample chantoer was determined empirically. Subse-
quent checks on calcite gave good results (2.72 compared with 2.71
(88 p. 1A3)). This empirically-determined value for the volume of the
sample chamber was used in all later runs.
Poros ity
Two ratios that express the volume of pore space in a porous
material are in common use. One is called the porosity, and the other
the voids ratio. Porosity is defined as
« - -i. (4)
V
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and the voids ratio is defined as
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Methods of measuring porosity were reviewed by Lewis, Dolch, and
Woods (45) and by Fancher, Lewis, and Barnes (26). Two frequently-
used methods are by calculation from the true and bulk densities
according to
« - 1 - -J- (7)
PT
or by saturation with a liquid and weighing. The objection to the
latter method is the assumption of complete saturation.
Since a direct measurement was preferred, an adaptation of the
McLeod gauge porosimeter of Washburn and Bunting (91) was used. The
apparatus is shown in Figure 2. The upper section was a 5 ml. micro-
buret graduated in 0.02 ml.
The operation of the apparatus follows. The sample was placed in
the container and the apparatus was assembled. The ball and socket
joint was carefully greased and clamped with a No. 35 clamp. The mer-
cury level was then raised by means of the levelling bulb. The sample
floated and soon contacted the small intrusions in the glass just above
the ground joint. As the levelling bulb continued to be raised the
5 ML. MICROBURET
FIG. 2 POROSIMETER
mercury covered the 3ample and trapped the air in the voids at atmos-
pheric pressure. The level was raised to the top mark of the buret and
both stopcocks were closed. The levelling bulb was then lowered. As
the pressure on the 3ample fell the air in the void3 expanded and
bubbled up through the mercury. This lowering was continued until tne
sample was entirely exposed. The level was then raised again and the
air which had been emitted from the void3 was trapped above the mer-
cury at the lower stopcock. This stopcock was then opened and the
air was allowed to rise into the buret. Since the rising mercury had
trapped a certain amount of air in the voids at the comparatively low
"evacuation" pressure, the lower stopcock was then closed and the pro-
cedure was repeated. The increments of air from the pores were combined
in the buret. Finally the levelling bulb was raised and adjusted to
the level in the buret and the volume of air in the pores, i.e., the
pore volume, was read directly from the buret. The number of evacua-
tions needed before no significant change was noticed in the cumulative
volume was around four.
The question was raised concerning the length of time the sample
needed to be exposed to the low pressure on the evacuation. Consider-
able time might be necessary for the air to come out of impermeable
rocks. Accordingly, arrangements were made to have the level remain
lowered for about fifteen minutes rather than for the customary one
minute or so. When exposed for the longer time no noticeable differ-
ence was observed in results on the same sample. It is probable that
at the low pressures involved the permeability becomes high due to
slip flow.
The above procedure gave the volume of voids. The previously-
described procedure gave the volume of solids. Their ratio is the
voids ratio. Porosity was calculated by means of equation (6) and the
bulk density by means of equation (7). An alternative to this pro-
cedure is to calculate A directly from the weight and the measured
dimensions according to equation (2) and € directly from V and the
measured dimensions according to equation (4). This method of deter-
mining bulk volume is, however, influenced by errors in the measurements
of the sample dimensions and was used, except as a check, only for
3-1S-H for which only small prisms were available. On these small
prisms the error in the determination of the volume of solids in the
volumenometer would have been large.
Specific Surface
The specific surface of a porous material is the surface area,
including that of the pores, per unit of material. Two expressions of
that area have been used in this work. These are the surface area per






A number of methods exist for measuring this property of a porous
material. Many were listed by Ergun (25) and were discussed more com-
pletely by Brunauer (14).
Two independent methods have been used in this work. These are
the fluid flow method, in connection with the major purpose of this
study, and the gaseous sorption method. Investigators have found dis-
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crepancies between the results of these two methods (13) and have
attributed the differences to different areas being contacted by the
sorbed vapor and by the flowing fluid. In an effort to investigate
this discrepancy for these rocks, the sorption test was performed.
The sorption method involves the calculation, from the data of
the low-pressure part of the isotherm, of the amount of gas required
to form a sorbed layer one molecule in thickness on the solid. This
value, combined with a knowledge of the surface area occupied by one
molecule, permits calculation of the total surface area.
The equation most widely used for this calculation is probably
that derived by Brunauer, Emmett, and Teller (BET) (1U, 15) to repre-
sent their raultimolecular condensation theory of the sorption process.
The BET equation can be written
1 / x \ 1 C - 1 (x)
7T-7 (9)w i 1 -a x y vc vc
\ / m m
where w = weight of sorbate per unit weight of sorbent*
Vm = weight of sorbate in a monolayer per unit weight of
sorbent
C =» a constant related to heat effects
x = relative pressure of sorbate.
This is the equation of a straight line in (l/w)(x/l-x) and x with an
intercept of l/VmC and a slope of (C-l)/VmC. The value of Vm can
therefore be obtained and from this value the total surface area is
calculated. Katz (39) and Gleysteen and Kalousek (31) simplified
equation (9) by noting that C is frequently large compared to unity
and that lAmC is then a small number. These authors, therefore,
assumed that a plot of the isotherm using only the origin and one
32
point constituted a close approximation to the curve obtained by taking
several data points. Some early runs were made using this simplified
procedure. The results of these experiments were checked by repeating
the determination using several data points. The results showed the
value of G to be so small for these systems (rock and water vapory that
the assumptions of the simplified theory were unwarranted. Accordingly
all runs were made using several data points and the original BET
equation.
The apparatus used to obtain the data of the amount of vapor
sorbed on the solid as a function of the sorbate pressure was a modi-
fication of that used by Gleysteen and Kalousek (31) and is shown in
Figure 3. The sample-flask assemblies were connected to the manifold
by short lengths of Tygon tubing. The tubing was merely slipped on
with the aid of a little moisture and was found to hold well, with no
leaks at all. The dibutyl phthalate manometer was used to measure
the lower vapor pressures involved and the mercury manometer was used
for higher pressures. The apparatus was housed in an air bath made
from 3/4 in. plywood. The bath was cooled by tap water running through
a coil of copper tubing and was heated by a light bulb which was con-
trolled with a Therrnocap* relay activated by a thermometer graduated
in 0.2 Centigrade degrees. The temperature maintained in this bath and
used for all the sorption runs was 25.0 - 0.1 C.
* Niagara Electron Laboratories, Andover, N. Y.
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Sulfuric acid solutions were used in th<;' Isrge flasKs as sources
of water vapor, which wa3 the sorbate. The solutions were made up tc
approximately the correct strength, as stated in handbook tables (33
p. 1926), and the actual pressures involved in the determinations were
measured with the appropriate manometer.
The procedure for the measurement was as follows. The oven-dry
rock, No. 10 (Tyler) to No. 30 (U.S. Std.), was weighed intc the 125 ml.
flasks by difference. Charges of around 60-70 g. were used. The appa-
ratus was then assembled and, with all stopcocks open except that lead-
ing to the larger flask, the system was evacuated on the Liegavac. The
samples were warmed slightly to assist outgassing and the pumping was
continued for 1 hr. This evacuation was needed not cnly to outgas the
rocks but also to remove possible volatile matter from the dibutyl
phthalate. The stopcocks to the sample flasks and to the oil manometer
were then closed. The Tygon connections were cut off and the sample-
flask assemblies were v/eighed. The apparatus was reassembled and the
manifold and the solution flask were pumped out. '.Vhen the solution
began to boil the stopcock leading from the manifold to the pump was
closed and the water vapor was admitted to the samples. From time to
time the amount of sorbed vapor was determined by removing the flasks
and weighing. Sorption was continued until constant weight was
obtained. About one hour was sufficient time. At this point the
vapor pressure of the water in the evacuated system was measured with
the dibutyl phthalate manometer. The data for other points on t
curve were obtained by repeating the above procedures using other con-
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centrations of sulfuric acid solution. T;ie //eight-of-sorbate values
obtained by this method were corrected for the weight of unsorbed
water vapor in the sample-flask assemblies.
Tortuosity
The tortuosity of a pore system is defined as the square of the
ratio of the average actual length of flow path to the exterior length
of the flow path, i.e.,
f x 2
k,Ct[orT] = (LA_J (10)
where k^ [or tJ = tortuosity
Lt = average tortuous length of flow path
L = macro length of flow path.
The tortuosity of thy pore system of a consolidated porous medium
is presently measured in one of two general ways. One method involves
the determination of the curve of capillary pressure as a function of
saturation, and the other is an electrical analog method. The elec-
trical analog method, as discussed in papers by 'iVyllie and Rose (98)
and Wyllie and Spangler (99), was used in this work because of its
simplicity and proved applicability.
The method is based on the premise that electric current flowing
through a conducting liquid in the pores of a porous body will follow
the same path as will a fluid flowing through these pores in a fluid-
flow experiment. The ratio of the resistance of the porous medium con-
taining the conducting liquid to the resistance of an amount of the
liquid alone equal in size to the bulk dimensions of the sample is
called the formation factor, F. F can be related to the structural
properties of the material. A difference of opinion exists as to the
form this relation should take. Wyllie and Rose (98) and nyllie and
Spangler (99) considered that the effective cross-sectional area of








Cornell and Katz (22), on the other hand, assumed an effective cross-
i
sectional area of sA/k^5 . In this case
t = F e (12).
Wyllie and Gregory (97), who investigated this discrepancy for uncon-
solidated aggregates, stated "Arguments in favor of both approaches
may be adduced." The details of these arguments, however, seem to be
lacking in the aforementioned papers. It may be mentioned that empir-
ical relations between the variables involved have been advanced (27,
94) which are different from those of either of the above two equations,
The matter is referred to again in the Discussion section.
Assuming the correctness of equation (11), if the solid is incom-
pletely saturated with the conducting fluid the formation factor, Fe ,
will be larger than F and given by
k V2
F = —*2 (13)
* e S
w
where k. = tortuosity of conducting phase
S = fractional saturation
w
by analogy with equation (11). The ratio of these formation factors
is called the resistivity index I,
1=4? (14).
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The resistivity index has been experimentally determined to be a
simple function of the degree of saturation,
J-S"° (15).
The exponent n seems to be independent of the value of saturation for
values high enough so that the conducting phase is reasonably continu-
ous (99) » and has a magnitude which varies for different rock textures
but is approximately 2. This is the value used here. By the use of
these equations the tortuosity of a porous medium at any saturation
can be calculated if the formation factor at a known saturation is
measured and the porosity is known.
The determination of the formation factor was as follows. The
ends of the prisms were painted (two coats J with a colloidal silver,
conducting paint used in the electronic industry for printed circuits.
When the paint was dry the prisms were vacuum saturated with an exactly
five percent sodium chloride solution (i.e., 50 g. per liter). The
apparatus used was that described under the section on the determina-
tion of absorption. The samples were allowed to stay immersed for only
about an hour, however, rather than for the 23 hr. used in the regular
vacuum saturation procedure. Each prism was then removed from the
solution, was blotted dry on a cloth moist with the solution, and its
resistance was measured rapidly. After the resistance was measured
the sample was weighed rapidly on a preset balance. The instrument
used for the resistance measurements was a Bouyoucos portable bridge'"
operating at 2000 cycles with an auditory indication of the balance
point.
* Wood and Metal Products Co., Bloomfield Hills, Michigan.
The resistance of an equal-sized volume of the pure solution naa
calculated from the measured dimensions and the specific conductance
at the appropriate temperature which was obtained from tables (33
p. 1967).
The ratio of these resistances was the formation factor at the
measured saturation. Using an exponent of 2 in equation (15) the
resistivity index was calculated and the formation factor for complete
saturation was obtained using equation (14). The tortuosity was then
calculated from equations (11) or (12). A reversal of these calcula-
tions gives the tortuosity applicable at any other saturation.
The errors most likely to be influential in affecting this deter-
mination (assuming the equality of flow path with current path) are
involved in the choice of the value for the exponent n. An analysis
of the error involved in this choice is given in Appendix A.
Permeability
Permeability refers to the ability of a solid to permit passage
of a fluid.
By far the greatest amount of work on the methods of measurement
of permeability, its theoretical interpretation, and its use has been
done in the two fields of soil mechanics and petroleum technology.
For rocks, the publications in the latter field are especially valuable
and were the starting point for the present work on the question.
The quantitative relationship between the factors involved in
permeation under viscous flow conditions is known as Darcy's law, and
was found empirically to be
u
a
- K. i (16)
where u - approach (or discharge) velocity
Kj_ permeability or transmission coefficient
i = hydraulic gradient.
The approach velocity is the ratio of the volume rate of flow to the
total approach area and the hydraulic gradient is the loss in total
head per unit macro length of flow path. Kj_ in this expression depends
on the properties of both the solid and the fluid, ^n alternate and
more frequently-used expression defines a quantity called the specific
permeability, but herein called simply the permeability, .vhich ii





where K specific permeability
VP = hydraulic gradient in pressure units
Y\ = viscosity of fluid.
Darcy's law is discussed in detail in Mus '.cat's book (55).
Various units are possible for the permeability and transmittion
coefficient. Kj_ in equation (16) has the dimensions of a velocity
and the units in most common use are cm. /sec. and ft. /sec. K in
equation (17) has, if c.g.s. units are used, the dimensions of an area,
and the square centimeter is the unit of specific permeability. It
is, however, such a large unit that a smaller one is frequently used.
This is the millidarcy (md.) which is one thousandth of a darcj which
is, in turn, the unit for K if the pressure gradient is expressed in
atmospheres/era. , the viscosi-.y in centipoisee, and the velocity in
cm./sec. Most soil permeability work has been done in terms of c .
see, most on concrete in ft. /sec, ami most on petroleum-bearing
rocks in terms of nri. If one assumes water at 25 C to be the per-
meating fluid (viscosity B 0.3%. cp.) then the various units have t
following relationship:
1 era? - (1.013 K1011 ) rad. - (1.097X105 ) cm./sec. = (3. 60)(103 ) ft. /sec.
The determination of permeability involves a knowledge of the
various quantities in equation (17), i.e., the flow rate, the limen-
sions of the sample, the viscosity of the fluid, and the pressure
differential causing the flow. The measurement of permeability is
discussed in Muskat's book (55) and apparatus that lias been used on
concrete is shown in papers by Kuettgers, Vidal, and Wing (70) and by
Cook (21), that used on cement paste by Powers et al. (61), ani on
soil by Lambe (42).
With cement paste, concrete, and soil it is necessary to use
water as the permeant because for the use of gases the solid must be
dry and such a drying operation would so seriously change the proper-
ties of the materials that the permeability value obtained would be
meaningless. For material not harmed by drying, however, the use of
gases is to be preferred for permeability measurements on dense samples
because of the shorter tine and the lower pressure gradients involved
in the test. In such experiments the volume flow rate of the gas for
U3e in equation (17) must be that at the mean pressure across the
sample (55 p. 77).
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On samples of comparatively high permeability (e.g., open -sand-
stones) the results from gas and liquid measurements are in close
agreement. With samples of lower permeability, however, th* values
obtained with gases are generally higher than those obt lined us.
liquids (26). The reason for this discrepancy was first given by
Klinkenberg (40). The permeability coefficient in equation (17) is
constant only if one assumes viscous flow of the gas. When the mean
free path of the gas becomes appreciable with respect to the size of
the channels through which it is flowing the viscous-flow assumption
of zero gas velocity at the tube wall no longer holds and the gas begins
to "slip" past the tube walls. This has been known for some time and
is discussed in texts on the kinetic theory of gases (48). The slip
contributes an additional component to the velocity beyond that of
viscous flan and this component becomes appreciable at low pressures
and/or when the channels are extremely small. The result of this slip
component is a higher value for permeability vrtiich is no longer pressure







where K]_ = a constant
K = measured permeability
Pm = mean pressure across sample
b = slip factor.
This is the equation of a straight line of K as a function of ^ whose
m
slope is K]b and whose intercept is K-j_. Klinkenberg showed that b is
ia
related to the properties of the solid and the fluid and that, theoreti-
cally, K-, should be the permeability value that would be obtained if
slip were not present, i.e., the permeability to liquids. His experi-
ments confirmed this hypothesis and it will be assumed henceforth here
that K]_ is the pressure-independent, liquid permeability of trie solid.
The liquid permeability reported for the rocks in thi3 study was deter-
mined by measuring the apparent permeability, K, as a function of the
reciprocal mean pressure and determining the intercept of the plot.
In making ga3 permeability measurements the flow rate can be
measured by collecting the outlet gas, by using a capillary-tube or
orifice flowmeter, or, for lower flow rates, some device such as the
3oap-bubble flowmeter described by Bonillas (12), all of which leave
something to be desired for dense samples.
The apparatus used in making the permeability measurements in this
work is shown in Figure 4» It is an adaptation of that of Arnell (3)»
Rigden (69) and Karaack (38) also used the same principle for their
experiments. The principle of the apparatus is that the flow rate is
measured by following the decay of a pressure differential imposed
across the sample. A knowledge of this decay rate, the sample dimen-
sions, and certain apparatus constants permits the calculation of the
permeability.
The operation of the apparatus was as follows. The oven-dry
prism of rock was first coated on its sides (speaking in terms of the
flow experiment) with a hard asphalt cement (penetration of about 10).
The asphalt was melted and then buttered on the sides of the prism







the hot spatula. Final smoothing was done by brushing with a burner
flame. The sample was then placed in position in the holder and
sealed in place with a ring of the same asphalt cement. The ring was
made as thick as possible to achieve considerable strength. Final
smoothing of the outside (the part protruding from the tube) of the
ring was done by brushing with a flame. The asphalt was allowed to
harden for several hours. The sample holder was then placed in posi-
tion, the 50/30 ball and socket joint was clamped, and the unit was
connected by means of the Tygon joint. The left leg of the large
manometer was evacuated to give a direct reading of the pressure.
With the bypass stopcock open, the stopcock at the surge tank was opened
to pump and the system was pumped down to the high pressure desired.
This pressure was, obviously, atmospheric or anything less. At tnis
point the bypass stopcock was closed and the pumping was continued
until the desired pressure differential was attained as shown by the
differential manometer across the sample. The stopcock at the surge
flask was then closed and the pressure differential was allowed to
decay as the air flowed through the sample. The differential manometer
was read with a magnifier and the rate of decay was followed with the
aid of an electric stopwatch reading in hundredths of a minute. The
time for the run varied approximately from one minute to half an hour
depending on the permeability. Measurement of the pressure on the low-
pressure side of the sample was made by reading the long manometer, and
measurement of the temperature of the system with an adjacent thermom-
eter completed the data needed. The decay curve is not, of course, a
straight line but it was possible to take readings over an interval of
U5
head loss of about one centimeter of Hg and thus to avoid drawing the
curve for each run. The curve, in other words, was considered to be
straight between points whose difference in magnitude was of the given
order.
The equation used to calculate the permeability was
^ L (1.013) (10^) f dh^ iT ^ Vh_ + Vjll (19)
AP A P (1.333) (104) (60) \ dt
m
where K ° permeability, md.
n = viscosity of gas, poise
L = specimen length, cm.
2
A = specimen approach area, cm.
o
At
= area of differential manometer tube, cra.*-
Vh
= volume of the high pressure side of the system
down to the equilibrium position in the differ-
ential manometer, cm.3
and, with respect to a certain small (in terms of head change) interval
in the decay process and to the midpoint of this interval,
Ph = high pressure on sample, cm. Hg
Pm = mean pressure on sample,
cm. Hg
h = height difference on differential manometer, cm.
^P a pressure differential across sample, cm. Hg
dh/dt a time rate of change of h, cm./min.
AP and h are numerically equal if mercury is used and the rate of
change of head can be taken, as mentioned above, to be the head loss
divided by the time interval, i.e., dh/dt => Ah/ftt.
The derivation of equation (19) and an explanation of the deter-
mination of the values of Vh and At are given in Appendix B.
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Absorptivity
A special type of permeation is that in which the driving pressure
is the capillary pressure at the meniscus as the liquid proceeds through
the solid. Capillary pressure exists by virtue of the curvature of
the meniscus and the presence of surface free energy and is inversely
proportional to the size of the channel in question.
Much work has been done on the question of capillary absorption
with reference to soils because of the connection of these matters with
agriculture and with soil mechanics. Comparatively little ha3 been
done on the capillary dynamics of stone in general and aggregates in
particular.
The coefficient of absorptivity, or the absorptivity for short,






where V = volume of liquid absorbed
A =» macro or approach area
t = time elapsed from start of absorption
Ka = absorptivity coefficient.
The absorptivity of the samples was measured in the following way.
The prism was taped on the sides with "Scotch" brand* plastic electri-
cal tape. This operation was done carefully. The tape was placed so
that the sides were completely covered and the covering was pressed
firmly into place to form the best-possible seal. Special care was
* Minnesota Mining and Manufacturing Co., Saint Paul, Minn.
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taken to seal the places where the tape overlapped. Several layers of
filter paper were then placed on the desk top and wetted thoroughly
with distilled water. A water supply was arranged through a cloth wick
into an adjacent beaker filled with water. The surface of the paper
under these circumstances was quite wet but not sloppy and, it is
assumed, was essentially a free-water surface. The taped prism was
then placed firmly on this wet surface and an electric stopwatch was
started simultaneously. At certain arbitrary time intervals the stop-
watch was interrupted and the prism was removed from the filter paper,
blotted surface-dry on a damp cloth, and weighed. The balance was
pre-set and magnetically damped so the weighing took only around twenty
seconds. The sample was then replaced on the wet filter paper and the
stopwatch started again. The first weighing was usually made two
minutes after the start of the run and subsequent ones were made every
few minutes up to around twenty minutes. After this the intervals
became progressively longer as the rate of absorption decreased. The
test was continued until capillary absorption had sensibly stopped.
Some small weight gain continued, even at this point, to be recorded
but it is assumed that this gain was due to diffusion and not to cap-
illarity.
The data were plotted on log-log paper, V/A as ordinate against
t as abcissa. From this plot the absorptivity and capillary satura-
tion were determined.
This technique for the determination of absorptivity is extremely
simple. There are, however, possible objections. First of these is
the surface-drying method. This is discussed in the section on absorp-
tion. Secondly, there is the possibility of moisture movement dur..
the weighing operation. Lioisture will be drawn to the more finely-
porous part of a body both by capillarity because of the larger cap-
illary pressure in the smaller pore3 and by vapor diffusion due to the
lower vapor pressure in the smaller pore3. The latter process is 3low
at the small vapor pressure differentials (a few mm. of Hg) involved.
The capillary redistribution is also thought to be slow under the
small capillary pressure differentials involved when no free water
source is present. At any rate, no discontinuities were observed in
the curves at the data points. The third possible source of error
involves temperature control. Both the surface tension and the vis-
cosity of the liquid enter into the calculations. These properties
are functions of temperature and even though the ratio of the two is
used in the calculations the coefficients are not compensating and the
ratio is also a function of temperature. Thermostating seemed to
promise small help because the free-water surface was cooled by evapor-
ation. The resultant compromise was that the measurements were made
when the room temperature was such as to make the water temperature on
the free surface about 25 C and this value was assumed for all runs.
Calculations
All calculations in this work were performed on a slide rule v.-ith
the exception of those for which it was necessary to have more than
three significant figures. The latter were performed on a calculator.
wData
Density, Porosity, Absorption, and Saturation
In Table 3 are presented the results of the
calculations for true
and bulk density, porosity, absorption, and
the corresponding satura-
tions. The porosity was calculated from the
voids ratio by means of
equation (6). The voids ratio was calculated using
equation (5), the
value of Vv obtained with the McLeod
gauge porosimeter, and the value
of V a obtained with the volumenometer. The
bulk densities were cal-
s
culated by means of equation (7). In other words,
the values for bulk
and true density, porosity, and voids ratio all
were derived basically
from values for solid and void volumes. The
one exception to the
above are the values for the source
3-13-H. As mentioned previously,
only small prisms of this rock were available
so the bulk volume was
calculated from the dimensions, the void volume
was obtained from the
porosimeter experiment, and the porosity was
calculated from equation
(4) and the true density from
equation (7).
Tortuosity
In Table 4 are given the measured and
calculated formation factors
and tortuosities. Fe is the formation
factor obtained from the resist-
ance data and S^ is the corresponding saturation. F
is the formation
factor calculated therefrom. The
tortuosities marked kt and ktoC are
the calculated tortuosities, according
to Wyllie and Rose (i.e.,
FV), at complete saturation and at the saturation
obtained in the
absorptivity experiments respectively. Those
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corresponding Cornell and Katz tortuosities (i.e., F6). The equations
used in calculating the formation factors and tortuosities at other
than the measured saturations are equations (11) througn (15) with the
exponent n taken to equal 2.
Table 4
Tortuosities and Associated Factors
Source No. Fe Swe F *t *• T Ta
1-13 7070. 0.329 765- 384. 2245. 19.6 47.3
3-lS-H-p 158. 0.708 79.1 63.1 174. 7.95 13.2
9-12 15.8 0.910 13.1 10.0 18.7 3.16 4.32
9-LS-p 16.6 0.945 14.8 11.3 28.4 3.36 5.33
47-23 107. 0.841 76.0 65.5 176. 8.09 13.3
67-2S 1704. 0.427 317. 54.1 176. 7.35 13.3
The notation "p" after a source number indicates that the direction
of the flow (of electricity or fluid) was parallel to the laminations
of the specimen. The laminated rocks were 3-1S-H and 9-1S. The former
was tested only in the parallel direction and the latter was tested
both parallel and perpendicular to the laminations in order to indicate
the effects of this variable.
The values for the source 1-1S should be regarded as the most un-
certain in the group. Difficulty was experienced in measuring the
resistance values of this sample. The other rocks had resistances
which checked well in repeated measurements. But the resistance values
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on the 1-13 sample had a large scatter (extremes of 80-1205? of tne
average). This performance was puzzling in view of the close checks
with the other rocks and the only explanation that can be offered is
that, with this very high tortuosity, any slight reorientation of the
conducting fluid from run to run would have a large effect on the
measured resistance.
Specific Surface
Figure 5 shows the data obtained in the sorption tests in the
form of conventional isotherms. These data were then plotted linearly,
according to equation (9). The equation was solved graphically for Vm




where a-, area of surface occupied by one molecule of
sorbate
N = Avogadro's number
M = molecular weight of sorbate.
The value used for ax was (10.6) (10
~16
) cm.
2 (60 p. 489). The values
so obtained for the specific surfaces of the various rocks are given
in Table 5. The values for the individual runs are given together
with their average. Although the information does not apply directly
to this study, it may be noted that the values for C ranged about from
four to eight.
Permeability
The permeability was calculated from the decay flow data by means
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the reciprocal mean pressures in Figures 6-12.
Table 5
Specific Surface;











Straight lines were drawn through the data. This was done by
least squares in the case of 1-1S but for all others the lines were
drawn by eye. The latter procedure was used because the data, with
the exception noted, fit a straight line very closely.
The slopes and intercepts were then obtained from the curves and
put in the form of a Klinkenberg equation (equation 18). The inter-
cept permeability to liquid, K-]_, and the b factor of the Klinkenberg
equation are tabulated in Table 6. Also given is a value labelled
pK]_ which is the logarithm of the reciprocal of the permeability
expressed in cm. 2 . This notation is introduced as a convenient way
to indicate permeability when wide variations are encountered and it
will be used later when comparisons are made.
It will be noted that Figures 6 and 12 show one data point each















-f- ,CM. HG -i
0.05
FIG. 7 PERMEABILITY OF 3-IS-H-P-80P
57
0.01 0.03
— ,CM. HG*" 1
I
0.05














4r ,CM. HG" 1
0.5






















FIG. 12 PERMEABILITY OF 67-2S-P-45
error. In each instance these are the first runs made on the sample




Permeability and 31 ip Factor
Source No. Kt y md. pK2
b, CX. rig
1-1S 0.00205 13.694 43.2
3-lS-H-p 0.036 12.449 66.9
9-ls 4.30 10.372 26.9
9-lS-p 8.16 10.094 12.6
47-23 0.032 12.500 82.5
67-2S 0.0072 13.148 29.7
Figure 10 shows the results of two low-pressure runs. The crosses
are taken from adjacent intervals of one decay curve and the circles
from another. At higher pressures this same calculation can also be
made but the resultant points are relatively close together and cannot
be used to define the line. It was thought that, by this means, per-
haps only one run would suffice to define the entire line. The higher
pressure curve shown is that of Figure 8 for the sane sample. The
agreement is fair but a discrepancy exists, especially for the slope,
and the idea was abandoned for this study.
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Absorptivity
The log-log plots of V/A vs. t for the capillary absorption runs
are given in Figures 13 - 19* The data were such that st. lines
could be drawn satisfactorily by eye in all cases except that of 1-
(Figure 13 J. This one was done by least s .uares. The values obtained
from the curves are given in Table 7. A comparison of the curves with
equation (20) shows that the square of the intercept at ts 1 min. is
the absorptivity coefficient in cnr?/min. Division by 60 gave the value
in cm»/sec, which is the unit for the Ka values in Table 7. The log-
arithm of the reciprocal of this value, pKa , is also given.
Table 7
Absorptivity Results
Source No. Ka , cmT/sec. P^ a 3*x
1-1S 3.74 X 10~9 8.427 0.0106 0.413
3-lS-H-p 1.22 x 10"7 6.913 0.0604 0.602
9-1S 1.82 x 10"5 4.739 •J. 1770 0.731
9-lS-p 6.00 x 10~5 4.221 0.1629 0.673
47-2S 6.62 x 10"
7 6.179 0.0650 0.010
67-2S 9.89 x 10~9 8.004 0.0129 0.55*
The values marked oC are considered to be the effective porosities
applicable to the capillary process, i.e., the volume of capillary
permeant per unit bulk volume of material when capillary equilibrium
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A problem was encountered in connection witn the eva «.
was desired to know the amount of liquid that had entered by c -
alone. Diffusion starts as soon aa water enters but its contribution
is probably small at any comparatively short interval of bins.
those curves, therefore, that ascended and then broke reasonably sh*.
into the region of little gain in weight the problem was sinple. It
grew more complicated for those curves (1-13, 3-1S-H) whic
siderable curved portion, i.e., a section not on the theoretical cap-
illary absorption line but still not so flat as to indicate negligible
weight gain. It was finally decided to use as the capillary water
value that corresponding to the intersection of the original straight
line and the straight line drawn through the points in the substantially
flat region of negligible weight gain. The matter is referrea to again
in the Discussion section.
Most of the curves show measurements on two different pri3-is. The
general agreement in intercept is taken as an indication of capillary
similarity in the different prisms from the same source. Figures 1U
and 15 show duplicate measurements on the same sample and given an
indication of the reproducibility of this measurement. Figure 16 shows
curves for flow both parallel and perpendicular to laminations in the
same prism. Figure 17 shows the effects of varying the condition of
the sample. One curve was obtained in the regular way. One is for
the same prism untaped, and one is for the same prism taped and irar.ersed
to about 1 cm. depth in the water (contained in a beaker).
DISCUSSION
Theoretical Background
Permeability and Pore Structure
The basis for the U3e of fluid-flow measurements for the invest -
gation of the internal structure of porous solids is the fact that the
viscous flow rate is controlled by the interaction between the solid
surface and the fluid. The extent of the surface and, therefore, the
size of the flow channels are theoretically determinable by the use of
such measurements.
The calculation of the values of these characteristics depends on
a preconceived notion about the general nature of the porous structure,
i.e., it involves the choice of a model. The use of a model is necessi-
tated by the complex nature of the interior of porous materials. i!ost
porous substances have a structure which is continuously variable and
which cannot, by the nature of things, be described in detail. Even
if the point-to-point details could be described the resulting equations
for the description of fluid flow through the medium would be so com-
plicated as to defy solution (55 p. 144, 74). Th? net result is that,
for practical purposes, the use of a model, the details of which can
be described mathematically, is necessary. Such a model is postulated
to have the same values for its experimental properties as the actual
sample, i.e., the same macro dimensions, porosity, densities, permeabil-
ity, and absorptivity. The model can be simple such as one of straight,
equal-sized, cylindrical pores, or it can be complicated such as the
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random statistical model described by Scheidegger (73 J, "ho also dis-
cussed the details of 3ome simpler models (72). The use of a model
is a recognized compromise for which there seems to be no alternative.
The model used in the calculations to follow is a common one which
recognizes and accounts for two important properties of actual porous
media. These are 1) that the actual flow channels are of some irregu-
lar cross-sectional shape, and 2) that the actual flow path traversed
by a "particle" of fluid is tortuous rather than straight.
The model used here is of the sort described by Carman (19). The
approach area is A and the macro length is L. The porosity is g . The
pore space is completely interconnected and, from the point of view
of fluid flow, can be thought of as a "pipe" of very complex but con-
stant cross-section. The length of this "pipe" is L^, which is greater
than L. The hydraulic radius of this "pipe" is m.
Given this model, the next step is to derive an expression describ-
ing viscous flow of a fluid through the model. Such an expression,
with the flow rate given in terms of permeability, is usually called a
Kozeny equation after its originator. One of the chief advocates of
the use of this equation has been Carman, and a derivation of the
Kozeny equation for substantially the same model used here is given in
papers by him (19, 20). In the latter paper he also discussed the
assumptions involved in the equation and the consequent restrictions
on its use. The derivation of the Kozeny equation for the model used
herein, which follows substantially Carman's method, is given in







where the symbols are as previously defined. The hydraulic radius,
m, of the cross-section of the pore system is, by definition, the
ratio of the area of fluid to the wetted perimeter, r^or the condition
of a saturated pore system and complete contact of the solid by the
flowing liquid, the hydraulic radius becomes the ratio of the porosity




The insertion of this expression into equation (22) gives the Kozeny
equation in terras of the specific surface,
,3
K S -— (24)
.
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Since the Kozeny-Carman equation is based on a generalized analogy
with Poiseuille's law, the condition of viscous flow is an important
assumption. This condition was checked by the use of the Reynold's
number formula given by Johansen et al. (35) and was found to be ful-
filled. For the conditions of this study, therefore, only viscous
flow need be considered.
The Kozeny equation has been used extensively. The constants have
been evaluated for unconsolidated porous media by means of an independ-
ent determination of the surface area of the materials and are fairly
well-established
.
The shape factor, kQ , wa3 given by Carman (19) as 2.5 for bead
packs (i.e., spherical particles) and this figure has recently been
confirmed by Wyllie and Gregory (97) for packs of vari-shaped particles,
This factor is expected, on theoretical grounds, to be fairly constant.
Carman (19) listed the shape factors applicable to widely differing
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cross-aectional shapes. The factor for circular croas section ia 2.0
and the whole range of values ia only from 1.2 to 3.0. Rocks are, of
course, consolidated porous media but the shape factors applicable
should be of the same order as those discussed above, nyllie and
Spangler (99) considered this question and their concluaion was that,
for the rocks they tested, the shape factors were approximately con-
stant with the best value being about 2.7. This ia the value that has
been used here.
The tortuosity, k^, of a porous medium can, on the other hand,
have widely varying values. The value for spherical bead packs was
found by Carman (18) to be around 2. The product of kQ and k^ is the
parameter appearing in the Kozeny equation and, using Carman's value3,
this product is equal to 5« This is the value which has been widely
accepted and used with a variety of porous materials. This was the
best that could be done as long as independent methods of meaauring
tortuosity or specific surface for consolidated media were lacking.
These limitations have been lessened with the development of (at
least) two independent methods of measuring tortuosity.
The first of these involves a combination of static and dynamic
effects in an effort to relate the capillary properties of a fluid in
the poroua medium to its permeability. Equations have been derived
by Purcell (63), Wyllie and Spangler (99), and Burdine, Gournay, and
Reichertz (17). They differ in method but the idea is the same.
Involved or implicit in these equations is the concept of tortuosity.
The other method, which was uaed here, is the electrical analog
method. This method is discussed briefly and the pertinent equations
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are given in the Experimental section. Further discussion is perhaps
needed concerning the different concepts of the relation between tor-
tuosity, formation factor, and porosity. As noted previously, Wyllie
and co-authors (98, 99) considered tortuosity to equal (Ft)2 while
Cornell and Katz (22) preferred F6. The distinction between the two
concepts depends upon what is considered to be the effective cross-
sectional area of the conductor in the resistivity experiments. None
of the above authors spelled out in detail the reasons for their pref-
erences. Wyllie and co-authors apparently think of a conductor of
areatA since any plane through a homogeneous porous medium will, by
definition, intersect an area of free space proportional to the porosity.
On the other hand, if one considers a sort of "slanted tube" model in
which the "tube" of complex shape has a cross-sectional area normal to
the longitudinal axis (and, therefore, normal to the direction of
current and fluid flow) of a, and a length L^ in a matrix length of L,
then the volume of voids will be al* and the bulk volume will be AL,
where A is the approach area. Porosity, 6- , will, by definition, be
aLf/AL and the area of conductor in a resistivity experiment, a, will
be t-Al/Lt ortA/kf.. This agrees with the proposition as stated by
Cornell and Katz. Wyllie and Gregory (97) compared the two concepts
for unconsolidated media composed of particles of various shapes and
concluded that the (Ft)2 tortuosity was preferable to the (F6) tor-
tuosity. Slightly different relationships from either of the afore-
mentioned have been obtained, empirically, by other investigators.
Winsauer et al. (94) found a tortuosity of (F6) and Faris et al.
(27) found 0.671 (Ft)1 ' 95 .
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For the low values of tortuosity associated witn bead packa and
other unconsolidated media the differences between the numerical values
of these varying formulations are comparatively small but for the
higher tortuosities of consolidated media the differences are iar^e.
On the evidence of the Wyllie and Gregory paper (97) the concept of
2(F£) for tortuosity lias been provisionally accepted as the beat founded
for the calculations that follow here. But the Cornell and Katz formi-
lation of (F£) has also been used to illustrate the differences.
Direct measurement of tortuosities has shown that the value can
be much higher than had been assumed previously, nyllie and Spangler
(99) found good agreement between surface areas of petroleum sands
measured by permeability determinations and using independently-
measured tortuosity values and those obtained by a "pin-dropping"
statistical technique. Brooks and Purcell (13) used the ftyllie-Spangler
capillary-pressure method for the measurement of tortuosity and found
good agreement between Kozeny and geometrical areas for bead packs.
But when the Kozeny areas for sandstones were compared with nitrogen
sorption areas a large discrepancy was found with the sorption areas
always being considerably the larger. Two reasons were given for the
differences. One was that sorbed molecules contact all of the surface
while flowing fluid contacts only parts of the surface and the rest
(e.g., cracks in pore walls, dead-end pores) bounds stagnant fluid and
does not contribute to retardation of flow. The other was that an
essential assumption of the Kozeny equation is a more or less constant
pore size and this condition is not usually met in consolidated media.
The basis of this difficulty is the fact that a large pore will con-
tribute to the permeability entirely out of proportion to its surface
area.
The other approach to pore-size determination via permeability
measurements is through the dependence of permeability on pressure if
the experiment is conducted with a gas. The concepts of slip-flow
have been used to modify the Kozeny equation for the measurement of
surface areas of powders (2). The Klinkenberg equation and its back-
ground have been described in the Experimental section. The slip com-
ponent to permeability, as specified by the slip factor, b, of the
Klinkenberg equation, is related to the size of the flow channel and
the properties of the gas. One derivation was given by Klinkenberg
(40) and a slightly different one, used here, is given in Appendix D.
The derivation is for round tubes but the result probably holds fairly
well for irregular shapes. For an actual porous media with a variety
of sizes of channels through which the gas i3 flowing, two conflicting
effects are probably operative in determining the slip contribution.
These are 1) that the smaller the channel the greater the degree of
slip but 2) the smaller the channel, the less the flow through it.
The net result is probably that the slip factor reflects the size of
the larger channels. Heid et al. (32) evaluated the slip factor for
oil-bearing rocks and calculated the pore size therefrom using Klinken-
berg' s original formula.
Absorptivity and Pore Structure
The theory of the penetration of capillary tubes by liquids by
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capillary pressure has been in existence for many years. The general
matter is called here "absorptivity", which 3hould be distinguished
from "absorption."
Equations for the rate of capillary advance in a single tube were
given by Washburn (86). The basic problem was the inclusion of the
capillary pressure, i.e., the pressure difference across a meniscus,
in the Poiseuille expression for viscous flow. ,<a3hburn's equations
subsequently were refined by Rideal (68). Barrer (6) has given a
similar equation in a review of fluid flow. Eley and Pepper (24)
derived an equation which includes the concept of tortuosity. Razouk
(64) discussed these matters briefly.
The equations for penetration into single capillaries have been
extended to the more complicated problem of absorptivity in porous
media. Bangham and Razouk (5) measured the absorptivity of charcoal
blocks for methanol by a weighing technique. Their method, incidentally,
involved periodic interruption of the capillary process just as did
the one used on the rocks in this study. Madgwick (53) measured the
absorptivity of building stone for water but did not relate the "pene-
tration constant" so obtained to the pore structure of the material.
He id et al. (32) used the method on petroleum sands. They measured
the time for the penetrant to traverse the sample from bottom to top
and used the integrated form of the equation for straight tubes to
calculate an average pore size. Powers and Brownyard (60 p. 865),
who seem to have coined the term "absorptivity," measured this property
for blocks of hardened neat-cement paste by immersion in water and
continuous weighing.
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Powers and Browiyard derived an equation which relates the absorp-
tivity and the permeability of the sample to the specific surface of
the conducting channels. This equation assumes that the two flow
processes involve the same channels. The equation is, in the symbolism
used in this work,
fa" 2Kl^ Sgc PB < 25)
where K-, » liquid permeability, assuming all flow takes
place through the "capillary" channels
SRC specific surface (weight basis) of the
"capillary" channels.
Appendix E contains the derivation of the equations relating the
absorptivity coefficient to the properties of the pore system of the
model. Equation (El) is similar to that of Barrer (6) except that the
restrictions of steady-state conditions and circular cross-section are
not applied here. The statement is made in the derivation that the
equation can be simplified by ignoring the presence of the gas, the
weight of the liquid, and the deceleration force term. This simplifi-
cation has been assumed by most of the workers cited previously. A
sample calculation shows that the only term which is arguable with
respect to its being ignored is the one for the viscous retardation
force in the gas. At the start of the run the capillaries are filled
with air. The ratio of the viscous retardation force for the air to
that for the water is (see equation El ).
k^-).
Since the ratio of the viscosities is about 0.02, the gas viscous-
force term may be consequential when L^/x is large, i.e., at the start
of the run. It is thought, however, that little difficulty has been
encountered from this source. »Vith all terms ignored except the cap-
illary and viscous terms for the liquid the result of the derivation
is an equation of the form
(-fK* < 2«-
On a log-log plot this equation is linear with a slope of l/2. If the
gas viscosity term is included the result is an equation of the form
V^ 2
+ C
1 — " °2
t (27) '
A / \ A .
The data for these rocks do plot as straight lines on log-log paper
with a slope of l/2, within experimental error. It is possible that
if data points had been taken very early in the run some deviations
would have been observed. As matters stand, however, the conclusion
is that the dropping of the gas viscosity term is justified. The net
result of the derivation in Appendix E is
2




In this section are given the results of the calculations con-
cerning pore structure, based on the theories of permeability and
absorptivity just discussed, and using the measured values listed in
the Data section.
In Table 8 are presented the calculated values for effective or












1-1S 0-460 0./<93 0.187 0.110
3-lS-H-p 0.296 0.422 0.0144 0.101
9-1S 0.737 1.18 0.0269 0.131
9-lS-p 1.07 1.73 0.159 0.131
47-2S 0.240 0.394 0.0684 0.0372
67-23 0.668 0.364 0.0261 0.0208
The slip radii were calculated by means of equation (D8). The
permeability radii were calculated using equation (C7) which is the
Kozeny equation for round tubes. The shape factor, kQ , is 2.0 in
this equation and the tortuosities used were the Wyllie-Rose tortuosi-
ties for complete saturation. The absorptivity radii were calculated
from equation (Ell) using the Wyllie-Rose tortuosities, K^ . for the
capillary saturation. This equation also implies a shape factor of 2.
The sorption radii were calculated from the BET specific surfaces by
means of the relationship m « e/5gffc and assuming round pores, for
which r 2m.
The use of the round-tube model is an approximation which may be
acceptable for comparative purposes. The differences between the
round-tube radii and the hydraulic radii are only the difference between
the shape factors, 2.0 and 2.7 respectively.
In Table 9 are presented the calculated values for the specific
surfaces of the rocks along with the measured BET sorption value .
The "slip" areas were computed using the "slip" radii, i.e.,
are the areas of arrays of round tubes with radii equal to the calcu-
lated "slip" radii.
The "permeability" areas were computed from equation (24). Two
expressions for the tortuosity factor appearing in this equation have
been used. The column marked k+ contains values computed using the
2Wyllie-Rose tortuosity, i.e., (F\s) . The column marked T contains
values computed using the Cornell-Katz tortuosities, i.e., ?e
.
The absorptivity areas were calculated according to e mat ions
(E13) or (E14) depending upon the interpretation placed on m. This
choice is discussed in more detail in the following section. The
tortuosities used for computing the values on the » •* e/3 basis were
the Viiyllle-aose values computed for the capillary saturations. Both
tortuosity concepts have been used for the values computed on the
m = ot/S basis. The column marked k^ contains values computed using
the tortuosities just described. The column marked T contains values
computed using the corresponding Cornell-Katz tortuosities.
The column headed 3„r contains values for the "capillary soec
surface" computed using equation (25) which was derived by Powers and
Brownyard. It should be noted that the units of the values in t
column are cm. /g while those in the rest of the table are in m.
Discussion of Data and Results
In this section the data and results are discussed from the point
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various values, and the concepts of pore structure which can be
inferred from the results. Most of the operational questions have
previously been discussed in the Experimental section. The interpre-
tation of the results in terms of the quality of the rocks as concrete
aggregates is taken up in the next section.
Densities and Porosity
The true densities (Table 3) are derived from the values for tne
volume of solids obtained with the volumenometer. The advantages of
this method are that the test is non-destructive, rapid, and that
questions of degree of saturation, encountered when using liquids,
are not a factor. An inherent disadvantage, on the other hand, is
that totally-enclosed voids will appear as a volume of solids rather
than of voids. Any real porous body will have some such voids and their
destruction is an advantage to the techniques in which the sample is
powdered. All that can be said here is that the values obtained in
this study agree fairly well with those obtained by others who used
the powdering method on materials from the same sources. They al30
agree within a few percent with values obtained by calculation from
the chemical composition and the appropriate values for the pure
mineral species. The bulk densities calculated from the true densities
and voids ratios agree to approximately a half percent, with those,
for the same samples, obtained by the direct measurement of the dimen-
sions.
If regular shapes are obtainable, dimensional measurement is
probably the best way of determining bulk volume. Slight irregular-
ities in the shapes of prisms could, however, result in considerable
error. The values reported here for the bulk density are, therefore,
those obtained using the volumenometer and the calculation from the
true density.
The "McLeod gage" porosimeter method for the detenr.ination of
porosity has the same virtues of non-destruction, speed, and simplicity
which were listed for the volumenometer. A disadvantage, especially
for large samples, is the difficulty in constructing a leak-free Joint
for closure. Even with the small apparatus used here the ball and
socket joint gave trouble and it had always to be greased carefully
to keep grease out of the system. Even so, frequent cleanings were
necessary.
The results shown in Table 3 for the porosity and for the absorp-
tion and consequent degree of saturation are all of the correct general
magnitude, with one exception, when compared with previous results on
the same materials (8, 16, 28, 81). The exception is for source 3-1S-H.
The values obtained for the absorption and, especially, for the satur-
ation are considerably different from any published for this source.
The matter already has been mentioned with respect to the small pieces
that were available and the low degree of homogeneity of the rock.
This lack of agreement may not, however, be as serious as it seems.
Recent tests (54) on the same batch from which the pieces used here
were obtained show approximate agreement with the values given here.
The conclusion, therefore, is that the values are not erroneous for
these specific pieces. The inferences with respect to the quality
of the stone will be given later.
Tortuosity
The method of measuring the tortuosities was straightforward and
simple. The measurements were precise in every case except that
already noted, 1-1S. A possible reason for this has been mentioned,
i.e., differences in orientation of the conducting saturant from run
to run. The final result, a tortuosity of 384, is certainly high.
It is not, to be sure, impossible but it is unusual. The values for
the other rocks are all of a reasonable magnitude.
The basic validity of the electrical analog method is dependent
on an assumed equality between the overall magnitude, if not the
small details, of the electrical and fluid flow paths. This assumption
seems justified for completely saturated conditions but it may not be
for partial saturation. Wyllie and Spangler (99) discussed this point
and described the electrical tortuosity at incomplete saturation as
lower than the hydraulic tortuosity because an almost empty pore space
will not support fluid flow but will pass an electric current by means
of a "skin effect" in the liquid wetting the pore walls.
The use of the value 2.0 for the resistivity index exponent, n,
has already been discussed (and see Appendix A). Rather than assuming
an arbitrary value, it would have been better to measure n directly
by making a number of resistance measurements at various saturations.
Such experiments, on the same piece of rock, have been difficult
because of the necessity to get different saturations without changing
the composition of the saturant. Birks (7) introduced a method for
this determination in which he used a saturated solution of calcium
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sulfate and evaporated some of the water for each successive te3t. He
obtained somewhat different values for the formation factors of dense
limestones when using calcium sulfate than when using sodium chloride
so the choice of electrolyte may be important. For any choice, the
specific conductance of the solution used should probably be measured
directly rathern than dependence being placed on handbook values. If
n is measured directly the experiment should be the last of the series
because the presence of the salt in the rock pores would alter sub-
sequent measurements and its removal is difficult.
The tortuosity measurements, particularly for the denser rocks,
are probably the least accurate of the measurements reported here.
Sorption Measurements
The experimental technique for the sorption runs was simpler than
the more common volumetric or gravimetric techniques. It is faster
than the humid-air-train apparatus of Powers and Brownyard (60 p. 249).
Where room temperature and run temperature are almost equal there is
no objection to removing the sample from the constant-temperature bath
for weighing. The successful use of the Tygon joints rather than the
more cumbersome standard-taper joints is worth mentioning.
The surface area values obtained using water vapor have been
found (10, 31) to be different from those obtained with nitrogen, a
more conventional sorbate for this experiment. The matter is somewhat
arbitrary and the simplicity possible for the apparatus and the prece-
dent with concrete materials (31, 60 p. 249) dictated the choice of
water vapor at room temperature.
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The Brunauer-Emmett-Teller theory was used because of its suc-
cessful history. Its basic assumption that the net heat of adsorption
in every layer after the first is zero has been questioned (29;. The
necessity to assume a constant area for a sorbed molecule in the first
layer is also a disadvantage. But, regardless of its possible short-
comings, the theory has given reliable results for surface area deter-
minations and has been used probably more than any other for this
purpose.
The particular data obtained here could have been improved by
using more experimental points to define the isotherm. The data, how-
ever, fit well when plotted according to the linear form of the BET
equation. The concurrent measurements were fairly precise, as is
shown by the individual values in Table 5, especially considering the
comparatively low specific surfaces involved. The values of the heat
constant, C, in the BET equation were so low (about 4 to 8) that the
use of the single point approximation method gave, as stated previously,
large errors in the final area value.
No previous measurements of surface area of these Indiana aggre-
gates have been made. These values are, in fact, the standards to
which other methods for area measurement are later compared. They are,
however, of the same order of magnitude as the results of the measure-
ments on "limestones" made by Blaine, Hunt, and Tomes (10) and by
Brooks and Purcell (13).
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Permeability
The pressure-decay perraeameter is preferable to the conventional
apparatus for a substance of low permeability (less than about one
millidarcy). The conventional type of apparatus necessitates a measure-
ment of the flow rate either by collecting the perraeant or by the use
of a flowmeter. For substances of high permeability either operation
is feasible but the elimination of the direct measurement is better
for dense materials.
A disadvantage to this particular apparatus was the method of
holding the sample. The hard asphalt cement was difficult to rerxxve
completely from the sample and the test is destructive to this extent.
Considerable differences exist between the times for a rm on a
dense and on a fairly permeable sample. With the impermeable sanples
the rate of travel of the meniscus of the differential manometer was
so slow that there was some question as to the tiie at which the
meniscus was opposite the appropriate mark on the scale. On the other
hand, the overall time for the pressure to decay was proportionately
longer than for the more pemjeable samples and the relative accuracy
was probably about the same in all cases.
The data presented in Figure 10 show an interesting possibility
which has already been mentioned—that of defining the whole curve with
one run at low pressure rather than with several at higher pressures.
For a low-pressure run the small absolute changes in mean pressure
during the decay represent comparatively large numbers when the recip-
rocals are taken and so show up on the plot at a distance apart suf-
ficient to define the line. The large increase in permeability at
low pressures is evident from the figure and may be the reason for the
shortness of the time needed for the run with the UcLeod gag* porosi-
raeter. The lew-pressure technique is reasonably precise as la shown
by the good agreement between the two run3 on the same 3anple Ma I
shown in the figure. The intercept that was obtained is slightly
higher than that obtained for the same sample with the higher-pressure
technique
—5.# as contrasted with 4.3 millidarcys. A more 3eriou3
difference is in the slopes. The extrapolated line for the high
pressure data is shown also on the figure and the corresponding b
values are about seventeen and twenty-seven.
The fairly good agreement in intercept indicates possibilities
for using the low-pressure method for the determination of Kt. The
higher permeabilities at the lower pressures mean that the time for
the run is shorter and this is an attractive feature. There were, how-
ever, enough uncertainties present so that the higher pressure method
was used here.
The curves she*/ good linearity of the data with the exception of
some of the points for 1-1S (Figure 6). This agreement is taken to
mean that no gross errors were made in the experiments. A further
argument in favor of the data is the record of a few runs made on
9-13 and 47-2S with a conventional train apparatus and collecting the
permeant over water. The values obtained by the two methods agree
well.
Absorptivity
The method used here for the measurement of absorptivity in, aa
far as the writer know3, novel. The main question that can be brow
against it is that of possible moisture movement during the weighing
and this matter has already been discussed in the Experimental section
and the reasons given for thinking that 3uch movement i3 slight.
Assuming no trouble from this source, the method has to recommend it
its simplicity and directness. A disadvantage to the technique is
the amount of time necessary for the reaching of capillary equilibrium
with samples of the nature and thickness of those used here. If only
the value of the absorptivity coefficient is desired it can be obtained
in a few minutes by taking the first data points on the curve. But if
the properties of the pore system are to be calculated fron K
,
the
capillary porosity, oC, must be known. With the present experimental
technique the only way to determine oC i3 to wait for equilibrium.
With these samples (roughly 2 cm. thick) the time needed was from
extremes of approximately ten minutes to a week. The obvious way to
lessen such a long time is to use thinner samples. Examples of the
changes that can be expected are shown in Figures 18 and 19 in which
samples of different thicknesses have been used with a great reduc-
tion in the time for the thinner pieces to reach equilibrium.
The question of taping the sides is somewhat arbitrary. Figure
17 shows three runs on the same sample under different conditions.
The lowest curve is a record of a run done in the ordinary way. The
longer upper one is for the same sample untaped. The shorter upper
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one is for the sample taped and immersed to about 1 cm. in the water.
The reasons that suggest themselves for the differences are that,
for the untaped sample, the displaced air can escape to the sides
instead of being trapped by the advancing menisci or forced to tra-
verse the longer route to the top. The amount imbibed in a certain
time would, therefore, be greater than for the same sample in the
taped condition. The immersed sample had a hydrostatic head applied
and again, the net result should be a higher apparent absorptivity
such as was actually observed. For adherence to the principle of the
capillary tube model, however, the sides should be taped and the
absorption should be by capillarity from a free-water surface.
The values of Ka reported in Table 7 are those for the large
prisms on which the density and porosity measurements were made.
Generally curves for another sample of the same rock are given to
indicate the variation from piece to piece. For 1-1S, 47-2S, and
67-2S the agreement between the two is good. The agreement is poorer
for the 9-1S samples. This rock is laminated with alternating bands
of fine and coarse material and it is understandable that companion
pieces might exhibit differences in individual behavior. Two curves
from runs on the same sample are shown for 3-lS-H-p and for 9-13-p.
The precision is good for the 9-13-p and fair for the 3-15-H-p.
Since such a comparatively large volume is absorbed in the early
part of the test, care should be taken with the initial manipulation.
With attention to details the method is capable of good precision.
The sample of 9-1S was tested by exposure both perpendicular and
parallel to the laminations. The two curves of the data are shown in
Figure 16. The perpendicular exposure had the lower absorptivity.
This difference is in line with the expectations from the permeability
which exhibits the same differences (Table 6). The curve for the
perpendicular exposure wa3 the only one where non-linearity was observed,
Two discontinuities can be seen. It is thought that these were caused
by the water front reaching a layer of material whose capillary poten-
tial wa3 particularly high. This behavior is one reason for preferring
the parallel exposure technique for these layered materials.
The theoretical slope of the log-log curves of the data should be
0.5. The slopes of all the curves except those for 9-1S are in agree-
ment with this figure within the limits of experimental error (— 0.03
or so). The 3lopes of the curves for 9-13 are uniformly high. The
average for the six runs (taped samples) shown is 0.57 with a range
of 0.52 to 0.60. What this difference means, if indeed a valid differ-
ence is present, is unknown.
The capillary porosity,0C , is the fraction of the bulk volume
occupied by the capillary perraeant under the conditions of the absorp-
tivity experiment. Ifention has already been made in the Data section
about the determination of this value from the experimental curves.
For only two of the rocks (1-1S and 3-1S-H) was a problem encountered.
These two rocks have data curves which have a comparatively long inter-
mediate section that is neither on the straight-line, slope-of-one
half, capillary-absorption curve nor on the almost flat portion which
indicates negligible capillary absorption. These two rocks are the
least homogeneous of the group. They both have comparatively large
amounts of material which appears different from the majority of the
mass and which may be assumed to have different capillary properties
from this majority. In the run3 on both materials there was observed
an uneven wetting of the top surface. It is a logical assumption that
the first break in the curves represents the point at which the per-
meant first broke through to the top. This was observed to be approxi-
mately true.
From this point on, the sample size was changed, i.e., the V/A
ratios were calculated using a macro area larger than that applicable
to the capillary process which was still active. The situation just
outlined can account for the shape of the curves in question. It is
not until the flat region is reached that the capillary pore space is
filled. This point should, therefore, be the one at which the weight
of water in the sample represents the capillary porosity. The nearly
flat portion of the curve was extrapolated to the original line (to
remove small deviations from ideality) and the intersection so obtained
was taken to represent the capillary-held water.
Saturation
This is perhaps the place to discuss one further aspect of the
degree-of-saturation. The problem is the reason for incomplete satura-
tion—during capillary absorption and particularly when the sample
has been evacuated and immersed.
A possible mechanism to account for incomplete saturation is that
of entrapment of gas in the pores. The commonly-used examples are a
blind-end pore or an "H" structure in which gas is trapped in the con-
necting passageway between two pores. If the air trapped in the pore
is at atmospheric pressure the advancing water will not enter unless
the capillary pressure across the meniscus is greater than atmospheric.
If the capillary pressure is greater than atmospheric the water will
enter the pore and compress the gas until equilibrium i3 established.
Any higher saturation can be accomplished only by dissolution of the
trapped gas and its diffusion from the region.
When a piece of stone is immersed in water as is done in the
ordinary 24-hr. immersion test, the water starts to enter from all
sides more or less at once. The situation is presumably ideal for
entrapment of air. In the capillary absorptivity test the air can
escape from the top surface but still there are many possibilities
for entrapment. An inspection of Tables 3 and 7 will show that the
saturations by the two methods were roughly equal except for the
case of 3-1S.
Air-entrapment processes should, however, not apply to the method
of vacuum saturation. If all the air is removed from the pore3, it
is difficult to see how it can block anything. Oily molecules of
water vapor are in the pores under these conditions. No blockage is
possible and complete saturation should be achieved. But the fact Is
that, except perhaps for very open materials, complete saturation is
not obtained and in some cases as much as a third or more of the pore
space remains unfilled under these conditions.
The argument that the evacuation is not complete if it is done
with an aspirator is poor in view of Sweet's (82) tests which showed
that no improvement was obtained by substituting a good vacuum pump
for the aspirator.
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Some mechanism other than 3imple blocking must be operative to
account for the facta observed in vacuum saturation experiments. 3uch
a mechanism would presumably also be operative for absorption under
conditions of simple immersion but would then be augmented by entrap-
ment processes.
Another possible mechanism is that of the capillary pressure being
lowered or reversed. Powers (59) refers to the reluctance of water
to enter a large void from a small space. If water progressing by
capillary action comes to a bulge the capillary pressure will decrease.
The viscous drag retarding the flow will, however, remain almost the
same. But there is a further aspect to the problem. A change in the
contact angle can take place if a change in the angle of the pore walls
occurs. The action has been called the "overturning" of the meniscus
and was discussed by Adam (1). Unless perfect wetting takes place
—
and it probably seldom does for the advancing angle—a change in the
angle of the pore walls can result in the contact angle becoming large,
even greater than 90°. The capillary pressure therefore becomes small
or reverses and the driving force causing penetration is removed or
counterbalanced. Adam's (1) Figure 1 illustrates the point. The
extent to which a pore space remains unfilled under vacuum saturation
conditions is, according to these ideas, a measure of the extent to
which these capillary pressure diminishing or reversing operations
take place.
Absorptivity-Permeability Relationship
A final aspect of the absorptivity part of these experiments
which remains to be discussed is the relation between the absorptivity
>and the permeability. If one assumes that in both processes t e
flow takes place through the same pore space and is affected in the
same quantitative manner by this space, the equations for the absorp-
tivity and the permeability coefficients can be related through conr»n
factors. This was done by Powers and Brownyard (60 p. 865) in their
derivation, the result of which wa3 given as equation (25). For these
rocks, the measured absorptivities and permeabilities were inserted in
this equation and the resultant area was computed. The results are
given in the last column of Table 9, in cm. 2/g« These specific sur-
faces are so small that they negate the equation and the assumptions
it involves for these rocks. It is inconceivable that the areas of
the pore walls supporting the flow are so small compared to the total
area as determined by the sorption measurements.
On the other hand, if the sorption areas and the absorptivities
are introduced into the equations relating Ka and Kt and these are
solved for the permeability the results are much lower than the
measured permeabilities. Even if account is taken of the principles
of relative permeability and the results of the above calculations are
called effective rather than total permeabilities, the results are
still powers of ten away from the theoretical relative permeabilities.
The reason for this great disparity may be that the widenings in
the pores are spaces which, according to the previously-discussed
saturation mechanisms, stop or retard the capillary flow. But these
spaces are, on the other hand, just those which permit the maxinum of
the saturated flow which takes place in a permeability experiment
.
These spaces, in other words, tend to give a comparatively high per-
meability and low absorptivity.
For rocks of the same general texture (and specifically for the
rocks studied here) there should be a rough correspondence between the
absorptivity and the permeability. Pemeability measurements are
difficult. They require comparatively complicated equipment. The
measurement of absorptivity, on the other hand, requires (at least
with the technique used here) only a few ninutes and hardly any special
equipment at all. For many situations, therefore, the ability tc get
even a rough value of the permeability from the absorptivity coefficient
would be of value. The extent to which this can be done with these
rocks is shown in Figure 20. The values plotted here are the so-
called "p" values, i.e., the negative logarithms of the values. A
tentative line has been drawn through the points in Figure 20. With
the exception of the value for 47-2S the points are within a reasonable
distance of this line; certainly they are close enough so that per-
meability values obtained in this way would be acceptable for general
use.
The disparity in the case of A7-2S may be due to actual structural
differences from the rest of the rocks. It should be noted that,
except for the 3-lS-H-p and 47-2S samples, the absorptivity and per-
meability determinations were not run on the same individual pieces of
rock. Any differences from piece to piece would add to the uncer-
tainty of these points.
An illustration of the extent to which structure alters the posi-
tion of points on this diagram and of the danger of generalisations
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water-cement ratio of about 0.46 after bleeding. The absorptivity
value was taken from Powers and Brownyard (60 p. 865) and the per-
meability from Figure 6A of Powers et al. (61). The large difference
between the paste and the rocks is obvious. The permeability is only
about 1CT? f that which a rock of this type and having the same
absorptivity as the paste would have.
No advocacy for the general use of this curve is being given but
it is suggested that the relation shown for these rocks is valid and
perhaps a similar one exists for other types of structures. If this
surmise is true, the practical advantages of the relationship are
obvious.
Radii
The radii values given in Table 8 have little meaning in them-
selves. Their relation to durability will be taken up in the follow-
ing section. They are only reflections of the porosities and specific
surfaces and the comments in the following paragraphs on results of
the surface area calculations apply, in a sense, to the radii also.
The fact that there are no large differences between any of these
listed values should be noted. The values for 9-13 for flow parallel
to the bedding planes are larger than are those for the flow perpendicu-
lar to the planes. The situation may be though of approximately as
tubes of different sizes in parallel or in series for the flow parallel
and perpendicular to the laminations respectively.
The values for the slip and the permeability radii are in rough
agreement as are those for the absorptivity and the sorption radii.
Furthermore, the values for the slip and permeability radii are ur.i-
10R
forraly and, in most instances, considerably higher than are those cal-
culated by the other two methods. This result is expectable from a
consideration of the processes involved in the two pairs of cases.
The slip and permeability values reflect a higher pore size because
the flow of air is through a saturated medium in which the larger
spaces permit the major part of the flow. The absorptivity, on the
other hand, may be expected to reflect a smaller pore size since the
larger spaces, by the mechanism previously discussed, deny capillary
absorption of the liquid. The flow, therefore, preferentially takes
place in the smaller spaces.
Specific Surfaces
With respect to the results of the specific surface calculations
given in Table 9, the sorption values should be the largest, i.e., no
value for surface area can, theoretically, be larger than the sorption
value and be valid. The sorbate presumably contacts the entire sur-
face of the material. Inspection of the table will show that most of
the values, there being several exceptions, are smaller than the
sorption values for the same rocks. In comparing the values for any
one source it should be remembered that the sorption, permeability,
and absorptivity runs were usually done on different individual samples.
They were, to be sure, taken from adjacent pieces of the same mass but
they may, nevertheless, reflect inherent, short-range variations of
the material.
The values calculated from slip and permeability data shew fair
agreement with each other, as did the corresponding values for the
radii. The essential agreement between the slip and permeability
re-
values is interesting in view of the sensitivity of the b value (see
Figure 10, for example) to changes in experimental conditions. Pre -
ably more reliance should be placed on the permeability values than on
the slip values for this reason. The use of the Corr.ell-Katz tort
ity,T, rather than the Wyllie-Hose 1^ results in only a slight change
in area values even for these rocks which have comparatively high t
tuosities. No choice between the two concepts can be made on the
basis of this comparison.
The slip and permeability area values are, in every case, con-
siderably lower than the sorption values. This finding corroborates
that of Brooks and Purcell (13) who obtained similar differences for
sandstones.
The values for specific surface calculated from the absorptivity
data and theory are larger than the values calculated from the per-
meabilities and they more nearly approximate the sorption areas. The
absorptivity values are divided into two groups depending on the
interpretation placed on the hydraulic radius. By definition, the
hydraulic radius is the ratio of the capillary porosity to the area
of the capillary walls, i.e., m = a /S . If the assumption is made
a
that the unfilled part of the pore space has the same volume to wall-
area ratio—has, that is, the same structure as the capillary-filled
space—then the extrapolation can be made that m e/s. The implica-
tion of such an assumption is that the barrier to capillary flow is a
meniscus overturning due to angular changes in the capillary walls and
not due to the occurrence of bulges or other large spaces which the
liquid cannot enter by capillarity.
The data show that, saving two exceptions to be noted below, the
absorptivity specific surfaces are uniformly lower than the sorption
surfaces if the Wyllie-Rose tortuosities are used in the computation.
No distinction as to structure can, however, be made because the data
are few and there are exceptions. Other mechanisms may be operative
to account for the absorptivity surfaces being smaller than the
sorption surfaces. Also, since the absorptivity surfaces are inversely
proportional to the absorptivity coefficients, the measurements of
this property are probably not accurate enough to place great reliance
on the specific surface values in the table.
They are, on the other hand, accurate enough so that it becomes
necessary to account for the absorptivity surfaces being less than
the sorption surfaces.
The reason probably lies in the presence of comparatively large
pores which cause a higher absorptivity than is accountable to surface
area. A bulge or large section in a pore will cause a retardation in
the flow due to a reduction of the capillary pressure but a pore that
is uniformly large will have a higher absorptivity than will a smaller
one because the viscous drag is proportional to the square of the size
while the capillary pressure is proportional only to the first power
of the size. Until now the implication has been that the pores are
approximately the same size with possible bulges here and there. But
certainly some pores are larger than others throughout all their
length. There are probably continuous passageways through this inter-
connected pore system which are larger than other possible passageways,
whether or not they contain bulges. The presence of such larger
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passageways negates the model to a corresponding extent and glares
rise to higher absorptivities and, consequently, to lower specific
surfaces when the calculation i3 made on the basis of the model.
The exceptions to the generalizations made concerning the various
values for specific surface are the samples 3-13-H-p and 9-IS (flow
perpendicular to the laminations). All absorptivity surface area
values of these two groups of datn are higher than the sorption vil
For the case of 9-1S (perpendicular) the reason may be that the strata
composed of fine pores cut down the absorptivity so much that the
resultant area value is too high. In view of this result and of
other reasons mentioned earlier, it seems preferable to run these
tests with the flow parallel to any laminations.
The reasons for the results for 3-lS-H-p are not apparent. This
material may be so inhooogeneous that the pieces on which the sorption
values were run were greatly different from those on which the absorp-
tivity was determined. An attempt wa3 made to run the sorption test
on the absorptivity piece but the weight of the sample was so low that
a reliable sorption test could not be performed. No other statements
can be made concerning the matter. Further work on this rock would
be necessary to determine whether or not a real difference between it
and the others exists in this respect.
The general statement can be made that, except for the case of
3-1S-H, the absorptivity method is superior to the permeability method
as an interpretor of specific surface. The statement applies best to
the values calculated on the ra= £/S basis. For three cases—9-lS-p,
47-2S, and 67-2S—there is roughly a two to one relationship between
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the sorption and the absorptivity specific surf -ices. The 1-Lo sample
is a poorer agreement. And the 3-LS-H-p sample fails.
Absorptivity methods have received little attention for the deter-
mination of the specific surface of porous 3olids; permeability has
received a great deal. If these data are valid, however, the for
holds, for consolidated media, more promise than the latter.
It was stated in connection with the values for the permeability
specific surfaces that no distinction could be made between the Wyllie-
Rose and the Comell-Katz tortuosities. A distinction can, however,
be made by means of the values for the absorptivity areas. The area
values computed according to the Cornell-Katz tortuosity concept are
listed under the symbol"^ and are, in every case, higher than t
sorption areas. Assuming the reasonable correctness of the model and
the data, such a result tends to substantiate the Wyilie-Rose rather
than the Cornell-Katz concept. The data are, of course, too few to
be firm about the point.
Interpretation of Data and Results
In this section, the information presented in the Data and the
Results sections are examined from the point of view of possible corre-
lation between laboratory data and field durability of the pavement
concrete that has been made with aggregate from the rock sources studied.
The standard for comparison is the field histories of the materials
in Indiana experience. This is a rather general yardstick and the com-
parisons are correspondingly qualitative. It is true that more quanti-
tative data are available. The original blowup survey of 'Aoods, Sweet
and Shelburne (95) contains data on blowup frequency for three of the
1rocks (1-13, 9-1S, 67-2S). .Sweet's (31) testa included all of the
sources used here and durability factors can be calculated from his
curves. Bugg (16) and Blackburn (8) used 3orae of these same materials
and durability factors can also be calculated from their curves. But
the mix designs in these three studies varied, particularly with respect
to the air contents of the concrete. The durability factors show con-
siderable variation in some cases (e.g., up to lOOi difference, even
for the same aggregate, same air content, and same type of saturation
prior to mixing).
It was decided, therefore, for the comparisons to be made here,
not to attempt to use a numerical measure of durability but merely to
use the field classification in a general sense. On such a basis the
pavement history of these rocks is, in order of decreasing durability,
67-2S, 1-1S, 47-2S, 3-1S-H, and 9-1S. Stones 67-23 and 1-13 are about
equally good. Neither has given trouble. Source 47-23 does not seen
to be as bad an offender as are materials 3-1S-H and 9-13 and its
situation may be complicated by factors other than lack of resistance
to simple freezing and thawing. The field cracking pattern is not the
typical D-line cracking of frost damage but seems frequently to be a
more general map-cracking such as is often found in connection with
chemically reactive aggregates. The ASTM "quick chemical test" for
alkali reactivity does not, however, show it to be reactive. The
broken concrete has, nevertheless, darkened rims inside the aggregate
particles and these have been diagnosed as being due to alkali-aggregate
reaction (43). In spite of this, stone 47-23 has a poor rating in
laboratory freezing and thawing tests when incorporated in the con-
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crete with a saturation approximating the quarry-wet condition (31;
and, therefore, has been rated here as poor in frost durability.
Stones 3-1S-H and 9-IS have the poorest histories of all.
This study wa3 chiefly exploratory in nature. Tne principle te3t
methods used have rarely, if ever, been used on concrete aggregates.
They have never been used in the Indiana studies on these materials.
This work was done to investigate their promise as te3t methods in
themselves, as tests for interpreting pore characteristics, and as
tests for predicting aggregate durability with respect to frost action.
The assumptions involved in the selection of samples is related to
these purposes. These assumptions are stated in detail in the Experi-
mental section. The small pieces used in these tests cannot, obviously,
be statistically representative of the sources. The essence of the
point is that the samples are assumed to be representative of "good 11
end "bad" aggregate materials even though they may differ somewhat fit
other material in the quarries.
This last assumption seems justified in all cases except that
already noted, 3-1S-H. All the tests indicate that, contrary to field
performance, these samples from source 3-1S-H »re not those of a par-
ticularly poor aggregate. The tests indicate a material internediate
in performance and much better than the field history of the source.
The sampling from which these pieces were taken probably was of a
different material than that which was made into the pavements with
the poor service record. Current tests tend to confirm this conclusion
(54). They show absorptions for this batch that are much lower than
those obtained on former samples from the source and that approximate
that obtained in this work. Freezing and thawing teats on concrete
made with this material also show it to have superior frost resistance
to that tested by former investigators. This disparity is unfortunate.
The results of the tests on this rock should be interproted in the
light of the above remarks and its "bad" rating should probably be
held in question here.
The various ways in which coarse aggregate can affect concrete
deleteriously have been mentioned in the Review section. The field
history of the source does not discriminate between these actions and
the confusion this may lead to may be illustrated by the case of
47-2S, previously discussed. Nevertheless, since the laboratory
freezing and thawing tests have reproduced reasonably the field histo-
ries of these materials, it will be assumed that a poor history reflects
frost instability of the material in pavement concrete. Such instabil-
ity often means a high blowup frequency as well, since it is thought
that blowup occurrence is preceded by cracking due to some other cause.
The standard test methods applied to concrete aggregates frequently
are poor as predictors of performance with respect to freezing airi
thawing stability. Many studies have shown that such tests as absorp-
tion, unconfined freezing and thawing, sulfate soundness, and degree of
saturation do not always give the correct prediction. Enough excep-
tions are encountered in their interpretation so that the results of
these tests cannot be used unreservedly. Extremes, of course, can
usually be recognized. A limestone with half a percent absorption,
50 percent vacuum saturation, and practically no loss in the soundness
tests would probably be acceptable and, conversely, rocks having the
other extremes in results would be rejected. But in the large middle
ground, the line is difficult to draw. Highway specification writers,
being unwilling to discriminate against possibly good material on the
basis of quasi-proven tests, frequently do not use to advantage even
the tests that exist.
The necessity of the aggregate piece to acquire considerable
water before it can cause frost damage has been repeatedly emphasized:
"The effect of an aggregate particle upon freezing and thawing dura-
bility of concrete depends largely upon the ability of the particle
attain a high degree of saturation while it i3 enclosed by cement (66)."
"The durability of solid materials during freezing and thawing is con-
trolled by the freedom with which they are permeated by water (U)."
"J&terials that contain no water are not likely to be harmed by freez-
ing (45)." The point is obvious. Agreement is universal. But how
this water gets into the piece and what happens to it, with and without
freezing, is not well-understood and is the question upon which research
is focused.
Perhaps a brief discussion of the history of a limestone aggregate
is appropriate in order to examine the ways in which it can get, and
keep, the water which is so potentially destructive.
At the time the rock is formed in the sedimentary process, a
certain amount of water, the so-called connate water, is included
therein. The subsequent history of the formation in general and of the
small part of it which later becomes the quarry in question determines
what subsequent changes in the water content will take place. The
position in relation to the water table is important. The rock has,
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for geologic ages, opportunity to acquire water if it is below the
water table or to lose water if it is above the table. Any changes
that occur in the formation which change the permeability and porosity
of the mass will be important. Dolomitization, faulting, cracki-
and secondary deposition in cracks, are factors which can alter these
properties and can influence the water content.
When the rock is quarried it will have a certain "nuarry-wet"
degree of saturation which is determined by the above-mentioned f -
tors. The rock is then crushed. Whether or not it is stockpiled prior
to its use in the concrete is an important question. If it ha3 an
opportunity to dry out at this point the frost durability of the con-
crete made with it can be materially improved. Conversely, if it is
unprotected from the rain it can become even wetter.
The aggregate is then mixed with the other components of the cc
crete and, restricting the discussion to pavement concrete, the slab
is laid. One of these components of concrete is, of course, water.
While the mixture is plastic an opportunity exists for the aggregate
to pick up water. Once the initial set has taken place, the aggregate
must compete with the surrounding paste for any water it gets. The
matter becomes more complicated. During the period when the cer.ent
is hydrating comparatively rapidly a self-dessication of the paste
occurs. Water in what are to become the capillary pores is withdrawn
into the gel to continue the hydration process. Even effective curing
methods apparently cannot prevent this self-dessication of the paste
and it is reasonable to suppose that water can be withdrawn fr
aggregate as well at this time.
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If, at this stage of the process, the stcne is saturated to a
dangerous extent and freezing occurs, disruption can 3tart at once.
A much more common situation, however, is for the pavement to give
service for a number of years and for the damage to become apparent
only after spme time. After symptoms begin to appear the condition of
the pavement becomes progressively worse until it is unserviceat.
Mechanisms for the acquisition of water must, therefore, take this
time element into account.
If the surrounding paste forms a perfect seal, the aggregate piece
can obtain water only by capillary attraction from the paste. Vari'.
reviewers have discussed this aspect of the ratter (11, 59, 66). The
basic consideration is the relative size of the pores in the paste and
in the rock. If the capillary potential in the rock is higher than
that of the paste at the degree of saturation in question, the reck
will extract water from the paste and vice versa. Powers (59) stated
that the pores in most rocks were larger than those in the paste and
that, therefore, the rock could acquire water by capillarity only if
the paste were saturated. He apparently based his statement on per-
meability measurements of pastes and various rocks (61). Blanks (11)
reported measurements on rocks and on concrete using an apparatus
which measured the capillary pressure of the smallest section of the
largest continuous pore through the sample. The capillary pressures
were then converted to the equivalent radii of round pores. His
results showed certain argillaceous limestones to have a "pore size"
smaller than those of the concrete specimens tested. He concluded
that water could, therefore, move by capillarity from the paste into
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the aggregate particles.
The situation has other aspects. Powers' (SB) extensive studies
on hardened cement paste have shown that the capillary pores in a
paste are, for normal water-cement ratios, discrete void spaces and
that only at comparatively high water-cement ratios do they link up
to form a connecting network. Paving mixes are stiff enough to fall
into the category of "normal water-cement ratios." If this picture ia
accurate, an aggregate particle enclosed in a perfect paste would be
surrounded by a gel structure which would contain isolated "capillary"
pore spaces whose size would be a function of the water-cement ratio
but which would be, very roughly, about the same as that of the pores
in most dense rocks. These capillary pores would presumably be at
least partly filled with water. So would the pores in the rock. But
the two kinds of pores would be separated by a gel whose character-
istic pores are only a few times the size of a water molecule and whose
permeability is exceedingly small. The permeability of a paste which
has no capillary pores (w/c about 0.35), i.e., the permeability of
the gel alone, has been determined (61) to be in the neighborhood of
10"° md. This is the material that water would have to traverse in
moving between rock pores and paste capillaries. If the paste cap-
illaries were not saturated the driving force for water movement would
be the difference in capillary pressure between the capillaries and
the rock pores. Under these conditions, the two kinds of pares being
even approximately equal in size, the flow of water would be vanish-
ingly small. The maximum flew would take place when the paste cap-
illaries were saturated and could remain so by acquisition of water
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from an outside source. Even in this circumstance, the flew would
still be small. For a slab, however, that is situated on a poorly-
drained subgrade and whose underside is continually wet, saturation of
the aggregate particles by this mechanism would be possible. It would
take a long time. Whether or not this mechanism is principally respon-
sible for the long-time aspects of frost damage is a question that
cannot be answered now; but it is a possibility.
The "perfect paste" that has just been discussed is hardly ever a
reality. A number of things can and do happen which destroy its ability
to seal the aggregate effectively. The webs of gel which separate the
paste capillary pores from each other and, presumably, also the aggre-
gate from the capillaries, may be broken by drying shrinkage. Porers
et al. (61) found large increases in the permeability of a paste upon
drying it to equilibrium with about eighty percent humidity. He postu-
lated cracking of these webs to account for his results. Such cracking
would tend materially to decrease the barrier to the flow of water
between the aggregate pores and the paste capillaries. During the
early stages of hydration, bleeding channels are formed throughout the
mass. Spaces appear under aggregate particles due to settling of the
materials, particularly for the case of flat particles. Spaces may
occur at the surfaces of aggregate particles due to poor adhesion, and
imperfect consolidation of the concrete can leave a variety of spaces
in its interior. Many of these spaces would act as macropores which
would be difficult to fill by capillarity. But others, particularly
the micro gel cracks and any channels leading from an outside surface
into the interior of the slab might facilitate the entrance of water
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into the mass and thereby, into the aggregate particles.
Another process, which may be important in admitting water to the
interior of the concrete, is paste failure due either to frost action
or to wetting and drying. If the paste capillaries become saturated,
and particularly if properly-3paced entrained-air bubbles are absent,
the paste can dilate and crack upon freezing. The mechanisms of this
action have been listed in the Review section. Since the gel swells
and shrinks on wetting and drying, it is reasonable to assume that
cracking can result from this action as well. Either kind of damage
would open the concrete and aggregate to easier invasion by water.
These mechanisms could also be augmented by failure of the aggre-
gate pieces and the surrounding mortar due to checmical or thermal
instability of the rock. Cracking due to overloading is not considered
as a lack of durability but could, of course, augment the destructive
processes that have been outlined.
All these actions tend to open the concrete to penetration by
water and to make the acquisition of this water by the aggregate
easier. Many of these processes are long-time in their nature and
may help to account for the interval that frequently takes place before
overt frost damage appears.
Once the aggregate became saturated to a critical degree and bei-An
to cause freezing-and-thawing dilation and failure, the situation
would become progressively worse. Damage would cause more dan-age
until the slab could no longer perform its structural job.
Entrained air helps the situation in, presumably,. two ways. One
way, probably the more important, is to protect the paste from frost
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damage and 30 to permit it to seal the aggregate more effective" .
The other is to provide, in the form of air voids adjacent t<
aggregate, a certain amount of space into which water forced out of a
saturated piece by progressive freezing could move. Whatever the
mechanism, studies have shown that the use of air-entraining cetr^nt
helps the frost durability of these materials.
However the water may enter the mass, whether by any or all of
the mechanisms outlined, its acquisition and retention by the -ate
is probably fundamental to any freezing-and-thawing instability of the
concrete which is caused by the aggregate. Emphasis shouli, and will,
be given this aspect of the problem. Powers (59) stated the proposi-
tion clearly "
. . .a principal difference among different /.inds
of rock particles is the rate at which they become saturated when given
free access to water."
Still another possible mechanism for disintegration is fatigue
cracking from repeated freezing. Although any one stress application
would not cause rupture, the fatigue effect might eventually cause a
crack. This process would also take a long time but -night not necessi-
tate such high aggregate saturations.
The data reported here on porosity, absorption, and saturation
can add little to previous work on these properties of these materials.
Sweet (81) found the materials with good durability to be character-
ized by a voids ratio for voids smaller than 5 l* in diameter of less
than 0.06. This value corresponds to a porosity of about 0.057 so by
this criterion any rock whose total porosity was less than this araount
would, perforce, be a durable one. Other things being equal, the
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higher the porosity the poorer the freezing and thav/in ect 'or
the material, but the danger of such generalization.. .-.e
example cited by Rhoades and Mielenz (66) of a volcanic material wit
an absorption of almost 25 percent which had, in concrete, a compar
tively good freezing and thawing record.
There is an absolute lower limit to the conceivably harmful
porosity below which, even if saturated, the rock can elastickily
accommodate any volume increase on freezing. Uo3t sedimentary rocks
probably have porosities higher than thi3 minimum value.
The only serious departures of the data from previous values are
for the case of the sample of 3-1S-H stone. The values (Table 3) of
around 45 and 71 percent saturation for the immersed and evacuated
conditions respectively are much lower than, for instance, Sweet's (31)
values of about 80 and 90 percent. Thi3 is a clear indication of the
statement made at the beginning of this section that the material
used in this work from this source does not represent a bad aggregate.
Although the absolute critical saturation value for aggregate
particles is about 91 percent, the practical value, for reasons r. -
tioned in the Review section, is probably somewhat lower—around 85
percent perhaps. But this saturation is that of the particle in the
concrete and the problem is to determine which, if any, of the methods
of test on the aggregate alone gives an accurate indication of this
value. The tendency has been to emphasize the vacuum, saturate ues
(47) pcesibly on the pragmatic grounds that this is almost invariably
the only method by means of which saturations in the high and critical
region are obtained. An inspection of the appropriate tables (3 and 7)
will show that in no case was the 24-hr. immersion or the absorptiv
saturation value high enough to be critical. The tjaarry-vtet sat
.
tion can, however, be much higher than these capillary absorption
values, since geologic time has been available for the entrance of
water.
An interesting observation, which has a bearing on the question
of the rate at which these materials absorb water, can be made by com-
paring the values for the saturations obtained in the resistivity
experiments, S^ (Table 4), with those for the immersed and evacuated
conditions (Table 3). The resistivity saturations, as previously
described, were run by vacuum saturating the material but letting it
soak for only an hour or so rather than the 23-hr. period of the usual
vacuum technique. (3-1S-H is an exception. It was allowed to go the
full 24-hr. period because both values were being obtained si-nultane-
ously. ) The good materials (1-13, 67-2S) had not attained, in spite
of the evacuation, even their 24-hr. immersion values while the poor
materials (9-1S, 47-2S) had attained saturations approximately equal
to those of the usual vacuum method. The marked reluctance, evacua-
tion notwithstanding, of the good materials to pick up the liquid is
obvious.
Tortuosity apparently has nothing to do, per se, with the ques-
tion of the durability of the materials. Even if the very high value
for 1-1S is disregarded the others show no recognizable relation to
the quality of the stones.
The results of the sorption specific surface determinations con-
firm the findings of Blaine^ Hunt and Tomes (10) that the materials
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with poor durability have higher specific surfaces than do those wi-
good durability. This finding is, of course, partly misleading 3ir.ce
a comparatively high porosity will give rise to a comparatively high
surface area even if the pore structure is not different In the two
cases being compared.
The low result in the case of material from source 3-13-H has
already been discussed.
It should be noted that the sorption surfaces reflect durability
in a qualitative sense only, e.g., the specific surface of stone 9-1S
is about twice that of stone 67-2S but the durability ratio of the two
materials is enormously greater.
The results of the radii calculations (Table 8) show the inade-
quacy of an average value of pore size (determined, at least, by any
of the four methods used here) for the purpose of distinguishing between
good and poor-performing aggregate materials. The table shows no
discernible relation between the two properties. The inadequacy of
the simple model and the complex nature of the actual pore character-
istics and of their relationship to durability are particularly evi-
dent here. It seems to the writer that the capillary pressure appara-
tus of Blanks (11) would suffer from similar shortcomings. The value
for pore size obtained with this apparatus is that of a round tube
which has a capillary pressure equal to that at the smallest opening
in the largest continuous passageway through the material. Such a
value is rather arbitrary but Blanks nevertheless obtained pore size
values which were not only reflections of durability but conformed,
more or less, to the 5l»-diameter dividing line which has become semi-
conventional.
Probably experiments, such as those with the mercury porosimeter,
which give data showing the distribution of pore volume according to
size would be more valuable than average-value techniques. Expense
complexity are disadvantages to the mercury porosimeter but its use
with concrete aggregate materials is clearly desirable.
The values for the absorptivity and permeability coefficients
show promise with respect to correlation with durability. Ar. na-
tion of Tables 6 and 7 will show that for both these coefficients the
good aggregates (1-lS, 67-2S) have the smallest values, the bad-but-
intermediate ones (3-1S-H, 47-2S ) have intermediate values, and the
worst material (9-12) has the largest value. These three groups are,
furthermore, distinct from each other, the values, for the most part,
being separated by powers of ten. A comparatively high absorptivity
means a comparatively high rate of water absorption for the material
in question and this, in turn, should mean a correspondingly low dura-
bility. But beyond a certain minimum absorption, the degree of satura-
tion may be more important than the overall absorption. For instance,
a material could have a high absorption but if this amount of water
filled only half the pore space the material would probably be durable
in freezing-and-thawing action. The rate at which the saturation
changes might, therefore, give insight concerning the comparative
durability of the materials. This matter was evaluated by dividing
the square root of the absorptivity coefficient by the appropriate
porosity (£ oroC). The square root of the absorptivity is the volume
(cm.3) of water that would enter a cube 1 cm. on a side in 1 sec. The
bulk volume of this cube would be 1 cm.3 and the pore volume would
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therefore be G or oC cm. 3, depending on 'whether the total or "capillary"
porosity was being used. The ratio of Ka
* to the porosity is there-
fore the degree of saturation at 1 sec. for this unit cube. The values
so computed are listed in Table 10 and are called the "unit saturation
Table 10
Unit Saturations



















The values have no meaning in themselves. On a comparative basis,
they reflect the respective durability histories rather well with the
high values indicating low durability and vice versa. Again the
exception is 3-1S-H; it has dropped down to a position near the good
aggregates which may well be where it belongs as far as these samples
are concerned. Preference between the use of e or o in this connection
is a moot point.
A high absorptivity is, by the nature of things, associated with
a high permeability. Figure 20 shows this general relationship. How-
ever, within the framework of the absorptivity and capillary properties
12*
of the material, a high permeability is preferable. An indication of
the magnitude of a relationship of this sort is given by the rat
of Ka to Ki which are tabulated in Table 11.
Table 11
Absorptivity-Permeability Ratios








The values used in computing these ratios are the ones which were
plotted on Figure 20. The statement made earlier that, while a general
relationship between Ka and K]_ might exist for these materials, the
small differences therein might be important, begins to have meaning.
With these ratios a distinction is possible on the basis of the dura-
bility histories with the poor materials having higher values for t
ratio than do the more durable materials. (In Tables 10 and 11 t
values for 9-13 perpendicular (i.e., no "p" after the source mirier)
have been included for the sake of completeness but have been ignored
in the assessments because of the previously-stated preference for
data from parallel flow experiments.) The value for 47-2S is too high
when it is compared with that for 9-13 in the light of their relative
durabilities. The approximate reflection by these K /K-, .- I of
the relative durability of the materials is in conformity with general
theoretical expectations. The higher the absorptivity and the lower
the permeability, i.e., the larger their ratio, the less durable would
a rock be expected to be in concrete because it would tend to gain
water relatively rapidly but would present a comparatively high obstruc-
tion to its movement on freezing. The case for the more durable rate-
rials would be the converse.
Whether these ratios have any usefulness in describing the pore
structure of these materials is an interesting possibility. If the
material had bulges in the pore system and these bulges were responsi-
ble for the limitation of capillary absorption, the material would
tend to have a comparatively high permeability for its absorptivity,
i.e., a low value of the VLj^ ratio. It would also have a compara-
tively low capillary saturation. The data on the rocks 1-13 and 67-2S
fit this picture. 1-1S has some voids which are large enough to be
visible to the naked eye and might, therefore, tend to fit such a
"bulge" theory. But 67-2S is a dense, fine-grained stone with no
apparent micropores. The fact that they cannot be seen does not, of
course, prove them to be absent.
If the material did not have bulges it would have a relatively
lower permeability and, therefore, a higher ratio of Ka to K^. Mer-
cury porosiraeter hysteresis data would be necessary to prove the point.
Whether or not the values in Tables 10 and 11 have any real rela-
tion to durability or structure, the measured values that were used
in their calculation are felt to be accurate enough so that the differ-
ences between the values for the various rock3 (with respect to the
durability interpretation) are real rather than apparent.
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SUMMARY OF RESULTS
The following is a recapitulation of the major findings of this
study:
1. The use of the volumenometer and McLeod gage porosimeter
techniques gave values for the true and bulk densities which were pre-
cise and were consistent. In the case of the bulk densities, the
computed values compared favorably with those obtained by measurement
of the sample dimensions.
2. The electrical analog values for the tortuosity of the rocks
ranged from 10 to 384. This latter value is unusually high and its
measurement was difficult. The next highest value was 65. No apparent
relation was found between the durability histories of the materials
and their tortuosities.
3. The specific surfaces of the rocks, as determined by the
sorption method and the BET theory, ranged approximately from 0.7 to
2.5 m. /g. The poor materials had the higher specific surfaces but
the differences were only qualitative. The sorption data followed the
BET theory at the low humidities used. The C values of the BET equa-
tion were too low to permit the use of one-point approximation methods.
U. The values for the permeability of the rocks ranged approxi-
mately from 0.002 to 8 md. A fair distinction could be made between
the rocks with good, poor, and bad durability records on the basis of
their permeability values. The permeability data corresponded to the
Klinkenberg slip theory in all cases but the slip (b) factors bore no
relation to the durability histories. A few tests at low mean pressures
126
advanced the possibility of simplifying the test procedure considerably
with relatively little sacrifice in precision. In the case of one of
the laminated rocks the permeability parallel to the laminations was
roughly twice that perpendicular to them.
5. The absorptivity test method was found to be simple and
reliable. An equation was developed which relates the absorptivity
coefficient to the pore characteristics of a model. The data 3how
agreement with theoretical expectations. The absorptivity values for
the rocks ranged from U x 10"9 to 6 x 10"5 cn. 2/sec. The values for
the good, poor, and bad materials were separated by order of magni-
tude differences, the good materials having the lower absorptivities.
The saturations obtained in the absorptivity runs were in rough agree-
ment with the 24-hr. immersion values.
6. The pore radii of the rocks calculated from the slip and per-
meability theories were in rough agreement with each other and were
larger than those calculated from the absorptivity theory. The latter
values approximated those calculated from the sorption specific sur-
faces and the porosities. The values from the saturated flow experi-
ments ranged from 0.2 to 1.7 p and those from the absorptivity experi-
ments from 0.01 to 0.2 p . There was no relationship between the dura-
bility histories of the rocks and their average pore radii calculated
by any of the four methods.
7. The specific surfaces calculated from the slip and the per-
meability theories were much lower than the sorption surfaces. The
absorptivity surfaces were lower than the sorption surfaces also but
the agreement was considerably better than was that for the saturated
flow methods. For the cases of materials 3-13-H and 9- rpendicu-
lar flow) the absorptivity surfaces were higher than the sorpMon sur-
faces. The absorptivity surfaces, calculated for just the capillary-
penetrated portion of the structure, were higher than the sor
surfaces in every case when the Cornell-Katz tortuosity was U3ed rather
than the Wyllie-rtose tortuosity. The specific surfaces calculated from
the Powers and Brownyard equation relating absorptivity and permeability
were extremely low, about a thousandth of the sorption surface values.
8. A fairly-good empirical relationship was found between tr.e
absorptivity and permeability of the rocks when plotted as the nega-
tive logarithms of the values and to a linear scale. The values for
the rocks on this basis were many orders of magnitude different from
a value for hardened cement paste which was obtained from the litera-
ture.
9. The ratios of the absorptivity to the permeability ranged
from about ICk to 10 and permitted a good distinction between the
materials with good and bad service records. The ratio was higher
the poor materials if allowance is made for the probable differences
between this 3-lS-H sample and the durability history of the source.
10. The unit saturations by absorptivity, i.e., the saturations
a 1 cm. cube would have after 1 sec. of exposure, ranged from about
0.002 to O.03 and showed a clear relation to tne durability histories,
being higher for the poor materials (with the same qualification con-
cerning 3-13-H).
11. When the absorptivity test was performed on a reef rock with
a very open structure, the results failed to follow the theoretical
expectations.
CONCLUSIONS
Based on the results of this study, the following conclusions
seem reasonable. The parts of them which aoply to the materials tt
can logically be expected to apply only to other materials of the same
type. The results on the reef rock (Appendix F) illustrate this
restriction.
1. The rate of saturation of the material, as measured by the
"unit saturation," is a comparative index of the frost durability of
pavement concrete made with the aggregate. The less durable materials
have comparatively high "unit saturations."
2. Although more porous materials naturally have higher ab3orp-
tivities and permeabilities than do less porous materials, the ratio
of the absorptivity to the permeability is an index of the frost dura-
bility of pavement concrete made with the aggregate. The less durable
materials have a comparatively high ratio.
3. Specific surface is a fair indication of frost durability.
The less durable materials have a comparatively high specific surface.
4. The method used to determine the absorptivity coefficient is
simple and reliable. For rocks of this type a general relationship
exists between the absorptivity and the permeability coefficients.
This relationship is sufficiently exact to justify the process of the
rough determination of permeability by making absorptivity measure-
ments, especially considering the experimental ease of the latter
method compared with the difficulty of the former.
5. Absorptivity methods are considerably better tiian .ty
methods for the determination of the specific surface of 3edimer:tary
rocks. Nevertheless, the use of the absorptivity method may be ex-
pected to give values which are lower tJian the total internal surface.
6. The use of the gas-compress ion volumenometer and of the
McLeod gage porosimeter have attractive features which recommend their
further applications to aggregate materials for the purpose of deter-
mining densities and porosity.
7. The use of one-point approximation methods in the sorption
deteruination (with water vapor) of specific surface is inaccurate
for this kind of substance.
3. The tortuosity of a rock has no direct relation to the dura-
bility of the rock as a concrete aggregate.
9. No distinction can be made between stones with good and poor
durability characteristics on the basis of average pore radii, when a
comparatively simple capillary model is used to interpret the results
of fluid flow experiments.
RECOMMENDATIONS
The following are general proposals which seem desirable to
amplify and extend this study.
An obvious extension, which is the result of a defect in thi3
study, is the procurement and testing of better samples of 3- - .
Samples should be obtained from the more absorptive ledges to see if
their properties fit the proper place in the general correlations
with durability.
The stone from source /v7-23 should be further investigated with
respect to its chemical reactivity. This subject was mentioned in
the Discussion. Particularly, the acid-insoluble residue of this rock
3hould be examined for the presence of expansive clay mineral?. The
nature of the darkened rims inside the aggregate pieces should be
investigated to determine what possible harmful reactions are taking
place.
The feasibility of determining the permeability-slip curve by
single low-pressure run should be determined. The present results are
inconclusive and such a procedure would represent a considerable saving
in time.
More materials should be studied to amplify the results obtained
here. Sampling should be more representative and concurrently-
gathered material should be made into concrete whose durability
be determined by standard procedures. The comparison of res. old
then be made in terms of durability factor or some other quantitative
measure of performance.
Rates of absorption and saturation should be st<udi<;
the standard tests for these properties. Thea
tage of using a large sample which does not require shapiri. .
information might be easily obtained from such a
The question of the degree of saturation and the failure to
obtain complete saturation .'should be studied. Two possible approaches
are 1) using large pressures to overcome any capillary pressure
reversals (some work along these lines has already been done; and
2) evacuating the sample on a pump, saturating it with aramoni?., and
admitting water to see what degree of saturation would result.
Mercury porosimeter data should be obtained for -^ates in
order to relate pore-size distribution and other structural fact
to frost susceptibility. Such an investigation offers great promise.
Work should be done, if possible, to devise a simpler method for the
determination of pore-sise distribution. All current methods have
disadvantages.
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AOF n 01
The purpose of this section is to show the vari
^computed value of the tortuosity due to variation in the choice
of the exponent n in equation (15).
Rewriting the pertinent equations and assuming the correctness













where I resistivity index




n = a const?uit assumed to be independent of saturatj







Taking the total differential of k with respect and di
by the value for k. , the result is
dk
—
s~- « 2(ln S ) dn (H)K
t
which for small values of the increment
A k





This is the expression for the relative variation of k in ten;
of change in n.
As an illustration, if n is assumed equal to 2 and t.-.is value
is 5 percent in error, An = 0.1. At a saturation of 0.5 the error
in k
t
would then, by equation (A5), be about U. percent.
larger saturations the error is much less, e.%, for the above
conditions but S =0.?, the error in k, is about L percent. A
comparatively high saturation in the resistance runs is, therefore,
desirable. Reference to Table 4 shows that in two case3, 1-13
and 67-2S, the saturation was rather low. The tortuosit;- v^JLues
for these two rocks may, therefore, be less accurate than
those for the others.
API B
DERIVATION OP PI JATION
The purpose of this section is the derivation of equation (19.
by means of which the permeability of the samples was calculated
from the measured quantities.
Keeping in mind the nature of the apparatus as shown in
Figure 4> the mass of gas m on the high-pressure side of the sample




vh*-irH »! < B«
where P. = pressure on the high-pressure side of the sample
V, volume of the apparatus on the high-pressure side
of the sample when the differential manometer is
at equilibrium
h = height difference on the differential manometer
A. = internal cross-sectional area of t,he differentia",
manometer tube
p, = density of the gas at unit pressure, i.e., p.=H/'.iT
where M mol-cular weight
R gas constant
T = absolute temperature.
The time rate of change of m is the mass flow rate assuming steac -
state conditions. These are not, of course, steady—state conditions.
Karaack (33) , however, stated for a similar set of circumstances
"...a negligible err-or is involved in assuming that the air instant ly
adjusts itself to the equilibrium flow rate corresponding to the
pressure drop. This situation is usually refered to as a quasi-
stationary state." If, then, steady -state conditions are assumed
and equation (Bl) is differentiated with re3pect to t the result is
I ( ^







The approach velocity at mean pressure, u, , is given by
1 / dm \
u
*
= rzpr~ {—) <D3)
where A = approach area of the sample
P B mean pressure across the sample.
Substituting the value for dm/dt from equation (B3) in equation |
and solving for u„ , the result is
Specific permeability, K, for the case of gaseous flov, is defined
by Muskat (55), via Darcy s law, as
K AP
u : (B5)
a n L v "
where AP = head loss across sample, in pressure uni^s
H viscosity of the gas
L = macro length of sample.








4A 4r m-vitt! •
Practically speaking, the manometric fluid is mercury so, if pressures
are in cm. Hg and h is in cm. , then
dP dh
if the low pressure, P, , is kept constant by means of the su -
flask. Introducing equation (B7) and using the conversions 60 sec. -
1 min., 1 cm.
2
= (1.013) (1011) md., and (1.333) (10/+ ) dynes/ cm.
1 cm. Hg, the final result is the working formula





(1.333) (104) (60) \dt/y h 2 2 ]
where K is in md. and dh/dt is in cm./min.
To use this e uation A. and V, must be determined. A. wa3 found
t h t
by measurement with divider and scale and appropriate calculation.
The determination of V. was made by expanding the gas in the volume
V. by a known amount and measuring its pressure before and after
the expansion. Assuming the gas law holds, V. can be calculated from
such data. The measurement was performed in two different ways* In
the first method the sample was replaced by a rubber stopper of the
same approximate dimensions. Ihe differential manometer was removed
and replaced by plugs of sealed tubing, the one for the high-pressure
side being cut to the proper length so that V would be unchanged.
The volume of the low-pressure side was then determined by measuring
the linear dimensions of the various tubes involved, calculating the
corresponding volumes, and adding the sura of these to that of the
surge flask. Admittedly, this is an inaccurate method of obtaining
this volume but the relative error in the result was probably small
due to the large surge volume. Air at atmospheric pressure (measured
with a room barometer) was then admitted to V, and the bypass
stopcock was closed. The low-pressure side was pumped completely
out and the stopcock to pump at the surge flask was closed. The
bypass stopcock was then opened -±nd the air in V, expa.-
total volume. The final pressure was measured on the large manometer
and the v.lue for V. was calculated.
h
The second method for determining V, was as follov.-s. The sample
was replaced with a stopper as before. The differential manomete
was left attached. With air at atmospheric pressure in V, , and with
the bypass stopcock closed, the lov.'-pressure side of the apparatus
vras pumped down until a comparatively large differential was on the
bypass manometer. The pumping was then stopped. The air in V, h-;d
expanded by the small, but accurately measurable, volume hA./2. The
new pressure in V, was measured by combining the readings of the lar~e
and the differential manometers. The value of V, was then cal-
h
culated from these data. The values obtained by the two methods
3 3
were 64 cm. and 66 cm. and their average was used as V, .
APPENDIX C
DERIVATION OF PERMEABILITY RELATIONSHIPS
The purpose of this section is the derivation of the e ns
which relate the properties of the chosen model to the liquid per-
meability of the samples, K, . The result is a Koziny-Carman equation.
The method of derivation here is similar to t;iat of Canaan (19,20).
The model is that previously described.
The generalized Poiseuille lav/ for viscous flow of a fluid








where u, = true velocity in the pipe
V/t = volume flow rate in the pipe
a = area of the pipe noraal to the tortuous flow
direction
m = hydraulic radius of the pipe
AP = total head loss, in pressure units
k = a cross-sectional shape factor
o
n » viscosity of the fluid
L. «* tortuous length of the tube.
This true velocity will have a direction at some angle a to the
macro flow direction because the flow is tortuous. The component of
the true velocity in the macro flow direction is called the strec--iin~















where L = macro flow path length
k. » tortuosity.
The flow actually takes place only through the pore space of the
medium so the relation between the streaming velocity ana the approach






where e = porosity.





A combination of equations (C2), (C3), (C/J, and (C5) to elimin:--.e
the velocity terras gives
2 2
e m L em
Ki
= 17^~ (c6)-
k k. v " L. k k+o t t o t
This is the Kozeny equation with the product k k. being the con-
ventional Kozeny constant.
By a strictly analogous procedure a model of tubes with
circular cross section of radius r can be analysed. The result f





By the use of the relationship
3
^Pfl
equation (C6) can be transformed into
.3r
K = ( Co .
x k k. S * cv,"
o t g H3
APPENDIX D
DERIVATION OF SLIP FaCTOR RELATIONSHIP
This purpose of this section is the derivation of the relation-
ship between the Klinkenberg slip factor, b, and the pore size of
a round-tube model.
Klinkenberg (40) showed that the b factor could be expressed as
4 c £ P±~ (LI)
where £ » mean free path of gas at P
P = mean pressure
r = pore radius
c = a constant.
The only difficulty with the use of this formula is the interpretation
of the value of c. Analysis shows it to be approximately unity but
the exact value depends on an arbitrary choice of several factors.
In Klinkenberg's paper c is defined by
(-,)uq = c £ ( ) (D2)
where u = slip velocity at the tube wall
dii/dr" velocity gradient in the vicinity of the wall.
In Loeb's book on the kinetic theory (43) an analogous expression is
given which is / du \
u --M (D3)
° W /
where "1 = viscosity of the gas
friction coefficient of the tube sides.
Obviously then,
c * (D4)









inhere p^ = gas density at unit pressure
f = fraction of the molecules randomly emitted rather
than specularly reflected after striking wall.
The proper value for f is a moot question. Values from about 0.7
to 1.0 have been reported (38,43 p. 259, 69). Here the question is
settled by assuming f = 1, i.e., all molecules that strike the pore
wall are assumed to be re-emitted randomly.
If then f is taken as unity and the corresponding value foi
from equation (D6) is inserted in eouation (D5> the result is
IA
1/2
b -7- (? .
_
pl" r
The values for p±
and n are temperature-dependent and 25 C is
assumed (nearly correctly). The viscosity value for air at 2 "
is 180 micropoise (56 p. 790) and the equivalent molecular weight
for air was taken as 25.3.
Substitution of all appropriate values in equation (D7 res as
the final result
b r = (1. '
where b is in cm. Hg and r is in cm. As sly st m
of the product is temperature-dependent but not greatly 30, i.e.,




The purpose of this section is the derivation of t na
which describe capillary absorption and which relate the al
tivity coefficient to the properties of the chosen lodel.
The model is that previously described with the exception I I not
all the pore space is postulated to be capable of being fill*
with water by c-ipillarity. The "capillary porocity", i.e., the
fraction of the bulk volume capable of filling by capillar!V>
is a. The tortuosity appropriate to this space is k. an
specific surface on a bulk volume basis is S , and on a weight t
When water enters this "capillary" pore space of complex shape a
dynamic equilibrium is set up amon^; the forces involved. For the
case of upward capillary absorption from a free-water surface the
driving force is the capillary force present at the meniscus. The
retarding forces are the viscous drag and the weight of bo1
entering liquid and the gas being displaced. The vector sum of
these forces will be equal to a residual acceleration force. his
force balance is expressed mathematically by
a y cosG k n a x /dx'
m
where a s area of capillary pores perpendicular to tort
flow direction
m = hydraulic radius
k = 3hape f -.ctor
o
x tortuous distance the liquid h-.s traversed in
time t
L = tortuous length of complete flow path
II = viscosity (subscript g refers to the gas)
p
= density (subscript g refers to the gas)
Y = surface tension of the liquid
= wetting angle
(3 = average angle of inclination of the pore from
the vertical
g = gravitational acceleration.
Practically speaking, for porous systems of the sort considered here,
all force terras are comparatively small except the first two in the
foregoing equation — the capillary and viscous forces in the
This amounts to saying that the presence of the gas, the weight of
the liquid, and the force term due to acceleration can be ignore .
The result is a force balance between the capillary ani viscous
effects for the liquid. With the further assumption that the true
advancing wetting angle is zero the simplified result is
dx
Y m = k^ ir| x( 1 (32).
dt°\ :
The volume, V, of liquid in the capillary pore space at tine t is
V = a x (S3)
so
dV / dx \
(E4).
Introducing the appropriate expressions for x and dx/dt from equations
(33) and (E^) in equation | Ives
k
*\ V / dV
Y m . j
a" \ dt
The volume of the capillary pores is aL.. The bulk volume of the
sample is AL. The ratio of the former to the latter is, by defi-
nition, the capillary porosity, i.e.,
a L. a kl/2
A L A
Substituting the value for a derived from this expression in equation
(E5) gives 2.2,.
y m a A at
V dV = (£7)
.
o I ta
V/hen this equation is solved and the initial condition of V =
for t = is inserted the result is































The only further question vdth regard to equation (.
the relation of the hydraulic radius ra to the specific surface of
the porous material. Since m is the ratio of the capillary poro
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If, however, the non-capillary porosity is the same structurally as
the capillary porosity then a/3 = e/S and
2 y e a
2
a
8 k k. K n p_
o to a I ^B
(EH)
where S «= total specific surface, weight basis.
This distinction is refered to further in the Discussion section.
FI
The purpose of this section is to sh
test results of varying the rock type drastically.
frequently made in the text that the :;;odel and conclut _ 1 ed
only to the general type of rocks U3ed in this • .
the fine-grained, intergranular type which have no 1 rea —
only 1-13 has so.".e that are visible to the eye ; zjs are still
small in comparison with the large pores referred to in this secti
In order to be able to indicate the effect of the presence of
large pores, a small sample of a very open reef rock was obtained in
central Ohio. The pores at a plane surface range fror. a fraction of
a millimeter to several millimeters in size. The crr.trast v,-ith the
rocks used in the body of this work is obvious and strikin - bulk
density by dimensional measurement and weighing was 2.469* A tr
density of 2.85 was assumed. The corresponding porosity was calcu-
lated by means of equation (7) to be C.133. The rock was t a in-
termediate witi; respect to the other-3. The porcsit;.
as that of 3-13-H and 47-2S. A portion of the sample was crushed
and the sorption test was run on it but the results were unsat
tory due to the small specific surface. A value of approxir£.tely
0,2 m. Vg. is probably close.
The results of the absorptivity tests are . re 21.
The two upper curves are for a sample slightly
manner as was the 9-13 sample (Firure 17). The lowest curve i




























even at 1-2 min. the sample was not obeying the model but was on tr.e
tapering portion of the curve. This is no doubt due to the r.
uniform area of material that was being traversed by the water uue to
the uneven distribution of the very large pores which the water could
not enter. An attempt was made to get values of the absorptivity
coefficient and the capillary saturation from the curves by assun
that at 1 min. the data were still on the linear curves. The rea
— 5 2for K was 1.81 x 10 cm. /sec. (near that for 9-IS) and for «C was
0.0236. This value corresponds to a saturation of only 0.17, a
result which is readily understandable in view of the high proportion
of the pore space which was composed of large pores that the water
could not enter by capillarity.
The main point to be gained from these results isthe inappli-
cability of this method of absorptivity determination for a rock of
this type.


